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A  research  study  was  conducted  using  laboratory-batched  and  in- 
service  concrete  specimens  to  determine  the  coefficient  of  linear  ther- 
mal and  moisture  expansion  of  concrete  used  in  Florida  at  temperatures 
ranging  from  77  to  140°F  (25  to  60°C). 

Twenty-four  concrete  mixtures  were  prepared  with  three  types  of 
aggregates,  namely  Brooksville  limestone,  dense  limestone,  and  river 
gravel.  The  former  two  are  porous  Florida  aggregates  while  the  latter 
is  a  nonporous  aggregate  obtained  from  Alabama.  A  type  II  Portland 
cement  was  used  at  a  content  of  508  lb/cy  (W/C  =  0.53),  564  lb/cy  (W/C  = 
0.45),  and  752  lb/cy  (W/C  =  0.33)  for  all  the  three  types  of  aggregates 
and  an  additional  564  lb/cy  (W/C  =  0.53),  558  lb/cy  (W/C  =  0.45),  and 
653  lb/cy  (W/C  =  0.38)  for  Brooksville  limestone.  The  laboratory- 
batched  concrete  specimens  were  moist-cured  and  tested  at  28  and  90 
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days.  The  in-service  concrete  core  samples  obtained  from  eleven  project 
sites  in  Florida  were  prepared  and  tested  as  received. 

Compressive  strength,  splitting  tensile  strength,  modulus  of  rup- 
ture, and  modulus  of  elasticity  tests  were  performed  on  at  least  three 
specimens  per  batch  per  curing  age  of  the  laboratory  concrete.  The 
tests  were  also  performed  on  concrete  core  samples  from  a  few  existing 
concrete  pavements  in  Florida. 

About  two  hundred  3"  x  3"  x  11  1/4"  laboratory  and  3"  x  3"  x  9"  in- 
service  concrete  prisms  were  tested  for  thermal  and  moisture  coefficient 
of  expansion  at  water-saturated,  partially-saturated,  and  oven-dried 
conditions.  The  coefficient  of  thermal  expansion  was  affected  by  the 
aggregate  types,  curing  age,  and  moisture  conditions  at  measurement. 
The  concretes  made  with  Brooksville  aggregate  had  the  lowest  coefficient 
of  thermal  expansion  and  those  made  with  river  gravel  had  the  highest. 
The  concrete  made  with  dense  limestone  had  an  intermediate  coefficient 
of  thermal  expansion.  The  water-saturated  laboratory  concrete  had  lower 
coefficients  of  thermal  expansion  than  the  oven-dried  concrete.  How- 
ever, the  water-saturated  in-service  concrete  had  higher  coefficients  of 
thermal  expansion  than  the  oven-dried  in-service  concrete.  The  coeff' 
cient  of  thermal  expansion  of  oven-dried  concrete  specimens  decreased 
with  moist-cured  age.  No  significant  difference  was  observed  in  water- 
saturated  concrete  specimens.  The  coefficient  of  moisture  expansion 
decreased  with  age. 

Parameters  of  concrete  mixes  which  affect  the  performance  of  con- 
crete pavements  were  analyzed.  A  method  for  evaluation  of  concrete  mix- 
tures for  pavement  construction  was  developed  and  presented. 
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CHAPTER  1 
INTRODUCTION 


1 . 1  Background 

In  the  past  few  years,  great  progress  has  been  made  in  the  analysis 
and  evaluation  of  concrete  pavement  response  and  performance  through  tl 
cooperative  efforts  of  the  FOOT  Materials  Office  and  the  University  of 
Florida.  Through  field  testing  and  analysis  using  the  recently  devel- 
oped finite  element  program,  FEACONS  III,  it  has  been  determined  that 
the  two  critical  stress  conditions  occur  when  (1)  a  load  is  applied  at 
the  edge  of  a  slab  at  midday  when  the  slab  is  curled  upward  at  the  cen- 
ter, and  (2)  a  load  is  applied  near  the  slab  corner  at  midnight  or 
early  morning  when  the  slab  is  curled  upward  at  the  joints  and  edges. 
The  critical  stress  conditions  could  be  worsened  by  the  presence  of  in- 
plane  stresses  caused  by  overall  thermal  changes  and  constraints  at  the 
joints  and  edges.  While  the  analytical  tools  for  determining  the  criti- 
cal stresses  in  a  pavement  system  have  been  developed,  the  accuracy 
the  computer  results  would  depend  on  the  accuracy  of  the  input  parame- 
ters. One  area  of  uncertainty  in  the  input  parameters  is  the  coeffi- 
cient of  linear  thermal  expansion  of  the  concrete. 

The  coefficient  of  thermal  expansion  of  concrete  is  listed  in  the 
literature  as  varying  from  4  to  8  millionths  per  °F  (7.2  to  14.4  mi  1  - 
lionths  per  °C),  and  is  influenced  primarily  by  the  character  of  the 
aggregate  and  secondarily  by  the  characteristics  of  the  cement  paste. 


Data  on  Florida  concrete  are  lacking.  In  the  absence  of  actual  data,  a 
value  of  6  millionths  per  °F  is  usually  assumed.  This  could  result  in 
an  error  of  30%  in  the  coefficient  of  thermal  expansion  and  errors  of 
more  than  100%  in  the  computed  stresses. 

The  effects  of  length  change  of  concrete  due  to  moisture  variation 
are  similar  to  those  due  to  temperature  variation.  If  there  existed  a 
moisture  gradient  within  a  concrete  slab,  the  slab  could  warp  in  a  simi- 
lar manner  as  the  slab  would  curl  due  to  a  temperature  gradient.  Data 
on  the  expansion  and  shrinkage  due  to  moisture  changes  of  Florida  con- 
crete are  also  lacking. 

In  view  of  the  aforementioned  reasons,  this  research  project  was 
started  in  order  to  obtain  the  needed  data  to  be  used  in  modelling  and 
analysis  of  concrete  pavement  response  and  performance.  In  the  course 
of  this  investigation,  a  need  also  arose  in  the  determination  of  the  co- 
efficient of  linear  thermal  expansion  of  structural  concretes  (Classes 
II,  III  &  IV)  used  in  Florida.  The  scope  of  the  study  was  thus  extended 
to  cover  the  Florida  Class  II,  III  and  IV  concrete  in  addition  to  the 
pavement  concrete  (Class  I). 

1.2  Objectives  of  the  Study 
The  main  objectives  of  the  study  are 

(1)  To  determine  the  coefficient  of  linear  thermal  expansion  of 
Florida  Class  I,  II,  III  and  IV  concrete. 

(2)  To  determine  the  linear  shrinkage  and  expansion  due  to  moisture 
changes  of  Florida  Class  I,  II,  III  and  IV  concrete. 

(3)  To  determine  the  effects  of  mix  parameters  (such  as  aggregate 
type,  water-cement  ratio,  and  cement  content)  and  curing  time 


on  the  coefficient  of  thermal  expansion,  and  the  shrinkage  and 
expansion  due  to  moisture  changes  of  concrete. 
(4)  To  determine  the  desirable  concrete  mixes  to  be  used  in  con- 
crete pavement  construction. 


CHAPTER  2 
LITERATURE  REVIEW 


This  chapter  presents  basic  information  on  linear  thermal  expan- 
sion, definition  of  other  thermal  properties,  a  review  of  test  methods 
previously  used  to  determine  linear  thermal  expansion  of  concrete,  and 
the  factors  affecting  the  coefficient  of  linear  thermal  expansion  of 
concrete. 

2.1  Thermal  Properties 

The  thermal  properties  of  concrete  which  are  of  interest  are  coef- 
ficient of  linear  (and  volumetric)  expansion,  thermal  conductivity, 
thermal  diffusitivity,  and  specific  heat  [1]. 
2.1.1  Linear  Thermal  Expansion 

Almost  all  solids  expand  as  the  temperature  rises  and  contract  as 
the  temperature  falls.  Concrete  is  an  example  of  a  solid  that  expand" 
or  contracts  due  to  the  change  in  temperature.  The  change  in  length  or 
a  solid  in  response  to  the  change  in  temperature  is  termed  linear  ther- 
mal expansion  or  contraction. 

It  is  imperative  to  note  that  only  uni-directional  (or  linear)  ex- 
pansion is  considered  even  though  we  are  fully  aware  of  the  area  and 
volume  expansion  of  solids  due  to  change  in  temperature.  The  terms 
coefficient  of  linear  thermal  expansion  and  coefficient  of  thermal  ex- 
pansion are  used  interchangeably  in  this  report. 


According  to  Browne  [2],  the  expansion  of  concrete  due  to  increase 
in  temperature  is  uniform  over  the  range  from  32  to  140  °F  (0  to  60  °C). 
Mitchell  [3:205]  noted  that  the  coefficient  of  thermal  expansion  is 
"essentially  constant  over  the  range  from  15  to  70  °F  (-9.46  to  21.1  °C) 
in  dry  concrete"  whereas  a  moist  concrete  "frequently  shows  a  signifi- 
cant increase  in  thermal  coefficients  with  increasing  temperature."  The 
length  of  a  concrete  specimen  as  a  linear  function  of  the  temperature  is 
illustrated  in  Figure  2.1. 

Let  us  consider  a  rectangular  piece  of  concrete  having  a  length,  Lj 
at  temperature,  Tj  (see  Figure  2.2).  If  the  temperature  is  increased 
from  Tj  to  T2,  the  concrete  will  expand  from  Lj  to  L2. 

Linear  expansion  is  the  name  given  to  the  change  in  length.  The 
length  change  can  be  expressed  as 
AL  =  L2  -  lx 

■  <*4  (T2  -  Tx) 

=  aLj  AT  Eq.  2.1 

where 

aL  =  change  in  the  length 
L^  =  original  length  at  T]_ 
L2  =  final  length  at  T2 
T^  =  original  temperature 
T2  =  final  temperature 
aT  =  change  in  temperature 
a  =  coefficient  of  linear  thermal  expansion 
It  can  be  seen  from  Equation  2.1  that  the  change  in  length  is  pro- 
portional to  both  the  original  length,  L±   and  the  change  in  temperature, 


L 
E 
N 
G 
T 
H 


TEMPERATURE 


Figure  2.1     Uniform  Expansion  of  Concrete 
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Figure  2.2     Linear  Expansion  of  So/ id 


aT.  The  constant  of  proportionality  is  the  coefficient  of  linear  ther- 
mal expansion. 

A  positive  change  in  length  will  increase  the  final  length  and  con- 
versely a  negative  change  will  result  in  the  final  length  being  shorter 
than  the  original.  That  is,  the  change  in  length  can  be  additive  or 
subtractive.  Most  engineering  materials  such  as  concrete  can  have  a 
substantial  change  in  length. 

The  coefficient  of  linear  thermal  expansion  of  concrete,  denoted 
by  o,  is  the  change  in  the  unit  length  per  degree  change  in  temperature. 
It  is  expressed  in  terms  of  millionths  per  degree  centigrade  (x  10"  /°C) 
or  millionths  per  degree  Fahrenheit  (x  10"  /°F)  or  percent. 

The  coefficient  of  linear  thermal  expansion  consists  of  the  true 
thermal  expansion  and  the  apparent  thermal  expansion  [3,  4].  The  true 
or  actual  thermal  expansion  depends  on  the  Kinetic  molecular  movements. 
Materials  are  composed  of  molecules  which  are  in  constant  motion  caused 
by  forces  of  intermolecular  attraction  and  repulsion.  As  the  tempera- 
ture increases,  the  molecular  movement  is  also  increased  resulting  in  an 
expansion  of  a  material.  The  expansion  caused  by  molecular  movement  is 
constant. 

The  apparent  thermal  expansion  is  caused  by  "adsorptive  mass  at- 
traction forces  and  capillary  stresses"  [5:67],  It  is  also  termed 
"swelling  pressure"  [4:493].  This  type  of  expansion  occurs  in  the  ce- 
ment paste  region  of  the  concrete.  About  25%  to  40%  of  the  total  volume 
of  concrete  is  made  up  of  cement  paste  [6].  The  cement  paste  is  hygro- 
scopic. In  the  presence  of  free  (evaporable)  water,  adsorptive  and 
capillary  forces  are  developed.  The  magnitude  of  the  forces  depends  on 


the  change  in  temperature.  As  the  temperature  increases,  the  surface 
tension  of  the  water  and  the  capillary  tension  are  reduced.  Swelling 
pressure,  which  Dettling  [5:17]  defined  as  the  "outer  pressure  needed  to 
prevent  swelling  when  a  non-water-saturated  gel  has  access  to  free 
water,"  is  lost  enabling  the  gel  to  withdraw  water  from  the  capillaries 
until  equilibrium  is  once  more  attained.  The  cement  paste  swells  when 
the  cement  gel  gains  water  and  shrinks  when  water  is  lost.  Therefore, 
as  the  temperature  rises  at  constant  water  content,  the  solid  phase 
swells  (apparent  thermal  expansion)  in  addition  to  the  actual  or  true 
thermal  expansion  [7].  Moisture  content,  capillary  structure  of  hard- 
ened cement  paste,  and  quantity  and  expansion  properties  of  cement  gels 
are  some  factors  that  affect  the  magnitude  of  the  apparent  thermal  ex- 
pansion. According  to  Meyers  [8],  the  apparent  thermal  coefficient  of 
neat  hardened  cement  paste  is  at  minimum  when  completely  water-satu- 
rated, a  condition  when  all  pores  and  capillaries  are  filled  with  water 
(100%  saturated)  and  when  all  the  evaporable  water  is  removed,  i.e., 
"bone  dry"  (0%  evaporable  water).  Powers  and  Brownyard  [7]  attributed 
the  condition  to  the  existence  of  equality  between  vapor  pressure  of 
capillary  water  and  saturation  pressure  of  water  at  the  existing  tem- 
perature. A  maximum  value  for  the  apparent  thermal  expansion  of  hard- 
ened cement  paste  and  capillary  forces  is  reached  at  a  moisture  content 
of  about  70%  of  saturation  [8],  Apparently  capillary  tension  increases 
as  water  is  lost  from  a  water-saturated  (100%  saturation)  specimen  and 
also  when  moisture  content  is  increased  in  a  dry  (0%  moisture  content) 
specimen. 
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The  coefficient  of  volumetric  thermal  expansion  is  the  ratio  of  the 
change  of  volume  per  unit  volume  per  degree  of  temperature  change. 
Volume  change  is  expressed  as 

h  =  V1  +  <*) 

where 

Vt   =  final  volume  at  t  temperature  change 
V0   =  initial  volume 
8   =  coefficient  of  volumetric  thermal  expansion. 
The  coefficient  of  volumetric  thermal  expansion  for  an  isotropic 
material  is  equal  to  three  times  the  coefficient  of  linear  thermal 
expansion;  i.e., 

$  =  3a  . 
2.1.2  Thermal  Conductivity 

It  is  the  rate  of  heat  flow,  by  conduction,  through  a  body  of  unit 
thickness  and  unit  area  for  a  unit  temperature  difference  between  two 
surfaces.  Thermal  conductivity  is  expressed  as 

K  (t,  -  t,)  aT 

, .  _ J-j-J — 

where 

Q  =  heat  conducted,  cal  gm/cm-sec-deg  C 

K  =  specific  heat  conductivity,  calories 

to-ti  =  temperature  difference,  deg  C 

a  =  cross  sectional  area,  cm 

d  =  thickness,  cm 

T  =  elapsed  time,  sec. 
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2.1.3  Thermal  Diffusivity 

It  is  defined  as  the  thermal  conductivity  of  a  substance  divided  by 
the  product  of  its  density  and  specific  heat,  that  is, 

•■fe 

where 

a   =  thermal  diffusivity  (diffusion  constant),  m2/hr  or  ft2/hr 

k   =  thermal  conductivity 

C   =  specific  heat 

p   =  density 
It  represents  the  rate  at  which  a  body  with  nonuniform  temperature  ap- 
proaches equilibrium.  According  to  Fintel  [9],  the  diffusivity  of  con- 
crete increases  with  an  increase  in  aggregate  content  or  decrease  in 
water-cement  ratio,  and  it  decreases  with  an  increase  in  temperature  of 
the  concrete. 
2.1.4  Specific  Heat  or  Thermal  Capacity 

Specific  heat  represents  the  amount  of  heat  required  to  raise  the 
temperature  of  a  unit  mass  of  homogeneous  material  by  one  degree.  It  is 
expressed  as  follows: 

S  -   .  H 

m  [t  -t  ) 

u  2   1 

where 

S  =  specific  heat 

H  =  quantity  of  heat  added 

m  =  weight  of  material 

t2~t  =  temperature  change  in  degrees 
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2.2  Test  Methods 
The  absence  of  a  standard  method  for  determining  the  coefficient  of 
linear  thermal  expansion  of  concrete  has  resulted  in  a  situation  where 
methods  used  by  researchers  are  "almost  as  numerous  as  the  number  of 
laboratories"  [3:209], 

Berwanger  and  Sarkar  [10]  studied  the  effect  of  temperature  and  age 
on  thermal  expansion  and  modulus  of  elasticity  of  concrete  in  the  Civil 
Engineering  Department  at  the  University  of  Ottawa,  Canada.  Thirty-five 
3  x  4  x  12-inch  concrete  prisms  were  cured  both  saturated  and  air-dried 
in  the  laboratory  and  tested  at  7,  28,  84  days  and  at  one  year  for  coef- 
ficient of  linear  thermal  expansion  under  short-term  steady  state  tem- 
peratures ranging  from  -100  to  150  °F  (-73  to  66  °C).  Materials  used, 
included  Type  I  Portland  cement,  fine  aggregates  having  a  fineness  modu- 
lus of  2.7  and  contained  35%  quartz,  29%  carbonates,  23%  feldspar,  and 
13%  of  amphibole,  garnet,  magnetite,  mica  and  pyroxene.  The  coarse  ag- 
gregate maximum  size  was  3/4  inch  and  consisted  of  65%  limestone,  25% 
feldspar,  5%  quartz,  and  3%  mica.  The  water-cement  ratios  used  ranged 
from  0.43  to  0.71.  The  strength  of  the  concrete  at  28  days  varied  be- 
tween 4800  and  6340  psi.  Optical  extensometer  telescope  was  used  to 
measure  the  change  in  length  of  the  concrete  prisms.  Transducers  such 
as  Direct  Current  Displacement  Transformers  (DCDT)  were  used  to  measure 
the  deformations  of  some  of  the  specimens  and  the  aluminum  deformation 
correction  plates.  Thermocouples  were  embedded  in  some  of  the  wet-  and 
dry-cured  concrete  prisms  in  order  to  measure  the  actual  temperatures 
during  testing.  The  following  conclusions  were  arrived  at 

(1)  At  above  freezing  temperatures,  the  coefficient  of  linear  ther- 
mal expansion  increased  with  age  for  both  dry-  and  wet-cured 
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specimens.  However,  for  a  given  water-cement  ratio,  the  dry- 
cured  specimens  increased  more  with  age.  Coefficient  of  linear 
thermal  expansion  increased  with  decreased  water-cement  ratio. 
(2)  At  below  freezing  temperatures,  it  is  essentially  the  same  as 
for  above  freezing  temperatures  although  the  increase  with  age 
was  greater. 
In  his  article  entitled  "Thermal  Movement  of  Concrete,"  Browne  [2] 
of  Materials  Research  Laboratory  at  Taylor  Woodrow  Construction,  United 
Kingdom,  advocated  the  use  of  6-inch  diameter  cylinders  or  6  x  6  x  12- 
inch  prisms  for  the  measurement  of  linear  thermal  expansion  of  concrete. 
The  prisms,  he  stated,  should  be  immersed  in  water  for  28  days  from 
casting  and  then  heat  cycled  in  a  water  bath.  Thermal  strains,  he  said, 
should  be  measured  by  a  mechanical,  electrical  or  optical  strain  mea- 
suring device  with  a  known  temperature  correction  factor. 

The  expansion  and  contraction  of  concrete  and  concrete  roads  was 
studied  by  Goldbeck  and  Jackson  [11]  of  former  Office  of  Public  Roads 
and  Rural  Engineering.  The  purpose  of  the  laboratory  study  was  to 
determine  the  change  in  length  of  concrete  produced  by  the  drying  out 
and  absorption  of  water.  The  concrete  specimens  used  measured  8  in  x  8 
in  x  5  ft  high.  Two  one-half  inch  square  steel  bars  were  cast  50  inches 
apart  into  the  concrete  to  serve  as  gage  length.  Materials  used  in 
preparation  of  specimens  composed  of  normal  (Type  I)  Portland  cement, 
Potomac  River  sand,  and  crushed  gneiss  or  gravel.  The  sand  was  coarse, 
and  clean.  All  concrete  mixtures  were  proportioned  by  weight  and  hand 
mixed  at  dry  and  wet  consistencies.  The  quantity  of  ^water  used  for  the 
dry  mixtures  was  about  8.5%  of  the  weight  of  dry  materials.  Between  10 
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and  12%  was  used  for  the  wet  mixtures.  An  instrument  designed  and  con- 
structed in  their  laboratory  was  used  to  take  readings.  It  consisted  of 
a  micrometer  head  reading  to  0.0001  inch  mounted  at  the  end  of  a  steel 
yoke.  The  yoke  contained  two  steel  rods  measuring  five-sixteenths  of  an 
inch  in  diameter  bolted  to  two  end  crosspieces,  one  holding  the  microme- 
ter and  the  other  a  flat-ended  steel  pin.  Readings  were  taken  with  the 
flat-ended  pin  held  in  contact  with  the  lower  conical  point  of  the  spec- 
imen and  the  micrometer  screwed  down  to  make  contact  with  the  upper  con- 
ical point.  Two  readings  were  obtained.  The  readings  were  then  aver- 
aged to  obtain  expansion  or  contraction  along  the  center  line.  To  de- 
tect change  in  the  measuring  instrument  due  to  wear  or  misuse,  readings 
were  taken  several  times  on  a  steel  gage  bar  hung  from  the   specimen. 
Readings  were  corrected  for  any  change  in  temperature.  It  was  observed 
that  contraction  took  place  almost  immediately  due  to  drying  out  of  the 
water  after  molding.  After  1  week  of  age,  the  specimen  contracted  ap- 
proximately from  0.01  to  0.03  per  cent,  or  from  0.0001  to  0.0003  inch 
per  inch  of  length.  The  contraction,  he  reported,  was  caused  exclusive- 
ly by  change  in  moisture.  The  finding  from  testing  specimens  kept  in 
water  for  a  period  of  about  six  months  and  allowed  to  dry  in  warm,  dry 
air  of  the  laboratory  showed  that  concrete  maintained  almost  constant 
expansion  of  approximately  0.0001  inch  or  0.01  per  cent  while  moist. 

In  a  study  conducted  by  Matsumoto  [12]  at  the  Engineering  Experi- 
ment Station  of  the  University  of  Illinois,  the  effect  of  moisture  con- 
tent upon  the  expansion  and  contraction  of  plain  and  reinforced  concrete 
was  investigated.  The  materials  used  were  "universal"  Portland  cement, 
well  graded  sand  from  Attica,  Indiana,  as  fine  aggregate,  and  also 
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gravel  from  Attica  as  coarse  aggregate.  The  specific  gravity  of  the 
sand  and  gravel  were  2.69  and  2.71,  respectively.  The  concrete  was  hand 
mixed.  The  mix  proportions  were  1:1:2,  1:2:4,  and  1:3:6.  A  batch  of 
concrete  was  made  for  each  concrete  specimen.  The  specimens  numbered 
thirty  and  measured  2  x  3  x  24  inches.  Two  steel  plugs  in  the  specimens 
formed  a  20-inch  gage  line.  Specimens  were  demolded  one  day  after 
batching.  Initial  measurements  of  the  length  and  weight  were  recorded 
and  then  stored  in  a  damp  room  covered  with  double  sheets  of  burlap 
which  were  kept  wet.  The  instrument  used  in  length  measurement  was  a 
Berry  Strain  gage  of  20-inch  gage  length  with  a  steel  bar  immersed  in 
water  of  known  temperature  as  a  standard.  In  an  event  of  temperature 
change,  measurements  were  corrected  accordingly.  Changes  in  weight  were 
regarded  as  gains  or  losses  in  moisture  content.  The  test  results  are 
shown  in  Table  2.1.  It  was  observed  that  concrete  expanded  when  wet  and 
contracted  when  placed  in  dry  air.  Concrete  with  a  richer  mix  absorbed 
more  water  and  consequently  expanded  more  than  the  lean  mix. 

Pence  [13]  of  the  School  of  Civil  Engineering,  Purdue  University, 
studied  the  coefficient  of  linear  thermal  expansion  of  concrete  between 
1899  and  1901.  The  concrete  specimen  used  measured  6  x  6  x  24  inches 
originally  but  later  specimens  were  made  cylindrical  with  4-inche  diam- 
eter and  36-inche  length  because  of  the  great  length  of  time  required  to 
heat  the  former.  The  method  employed  to  determine  the  coefficient  of 
linear  thermal  expansion  was  to  subject  the  concrete  specimen  to  a  tem- 
perature change,  and  then  to  determine  the  increase  in  length,  from 
which  the  coefficient  of  thermal  expansion  could  be  computed.  A  stan- 
dard bar  of  steel  or  copper  with  known  coefficient  of  linear  thermal 
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expansion  and  the  concrete  specimen  were  both  subjected  to  changes  in 
temperature.  The  principle  of  the  "optical  lever"  was  used  to  determine 
the  difference  of  expansion  of  the  concrete  and  steel  or  copper  bars. 
The  correction  applied  to  the  known  coefficient  of  the  metal  bar  was 
computed  from  the  difference  in  length.  The  coefficient  of  linear  ther- 
mal expansion  of  gravel  concrete,  broken  stone  concrete,  and  limestone 
bar  was  reported  respectively  as  5.4  x  10~6/°F  (9.7  x  10~6/°C),  5.5  x 
10"6/°F  (9.9  x  10"6/°C),  and  5.6  x  10"6/of  (10.1  x  10"  6/ Of.) . 

Saemann  and  Washa  [14]  both  professors  of  Mechanics,  University  of 
Wisconsin,  Madison,  conducted  tests  using  mortars  and  concretes.  The 
test  temperatures  varied  between  -70  and  450°F  (-56.7  and  232  °C). 
Three  concrete  batches  were  made.  The  properties  of  the  concrete  mixes 
are  presented  in  Table  2.2.  The  sand  and  gravel  used  were  obtained 
locally  in  Madison,  Wisconsin.  The  sand  was  calcareous  and  siliceous 
while  the  gravel  was  predominantly  calcareous.  Kenlite,  an  expanded 
shale,  was  obtained  from  Kentucky  Light  Aggregates,  Inc.  Type  I  Port- 
land cement  was  used.  The  concrete  specimens  measured  2  x  2  x  11  inches 
and  were  cast  with  end  studs.  The  specimens  were  moist-cured  at  normal 
room  temperature  for  14  days,  then  stored  in  air  at  70°F  (21.1°C)  and 
50%  relative  humidity  for  13  days,  and  then  held  at  test  temperature  for 
24  hours  prior  to  testing.  During  testing,  the  specimens  were  wrapped 
in  paper  and  coated  with  paraffin  to  prevent  change  in  moisture.  Change 
in  length  accompanying  a  change  in  temperature  from  70  to  0°F  (21.1  to 
-17.8°C)  was  obtained  and  the  coefficient  of  linear  thermal  expansion 


•o 


l/l 

IQ 


o> 


CM 


* 

co 

o 


o 


cvj 


■O 
c 
«3 

c 

c 

ITS 

= 

cu 

co 

CJ 

1/1 


CM 


> 

(_ 
sB 

C 
LO 


O 
"3" 


CO 


CO 


1/1 

X 


u 

■LJ 

CD 

t- 
u 

rr 
o 
o 


0) 

> 

u 

b8 


r0 
CO 


o 

LO 


o 
o 


co 
<3- 


1 — I 

LO 


co 


(/] 
aj 

Ci. 

o 
a. 


CM 
CM 


CU 


n 


0J 

n3 
cn 
cu 

D) 

cn 


CD 


t= 
o 

+-> 

L. 

o 

Q. 

o 


CD 
"2 


■!->  M- 

cn  3 
•i-    o 

o  a. 


LO 


u  - 
CD 

a. 

CO 


l/l 


CJ 


CL 

E 


-o 


O 


19 


computed.  A  dial  gage  was  used  to  measure  change  in  length.  The  coef- 
ficient of  linear  thermal  expansion  for  mixes  1,  2,  and  3  were  4.4  x 
10'6,  4.4  x  10"6,  and  3.9  x  10"6/of  (7.9  x  10~6,  7.9  x  10"6,  and  7.0 
x  10~6/°C),  respectively. 

Cruz  and  Gill  en  [15]  performed  tests  to  determine  the  thermal  ex- 
pansion of  Portland  cement  paste,  mortar,  and  concrete  at  high  tempera- 
tures at  the  Engineering  Development  Division  of  the  Portland  Cement 
Association.  A  blend  of  four  commercially  produced  Type  I  Portland 
cements  was  used.  Elgin,  Illinois,  sand  was  used  in  the  two  concrete 
batches  investigated.  It  was  composed  of  60%  carbonates  (mostly  dolo- 
mite) and  40%  siliceous  material  by  weight.  Two  types  of  coarse  aggre- 
gate were  gravel  from  Elgin,  Illinois,  and  crushed  dolomite  rock  from 
Elmhurst,  Illinois.  Tiie  Elgin  gravel  was  made  up  of  88%  carbonates 
(mostly  dolomite)  and  12%  siliceous  material  by  weight  and  rock  from 
Elmhursx;  was  about  95%  dolomite.  The  maximum  size  of  coarse  aggregate 
was  3/4  inch.  The  mix  proportions  by  weight  were  1:2.70:2.98  for  Elgin 
concrete  and  1:2.70:3.05  for  Elgin/dolomite  concrete.  The  W/C  ratio  by 
weight  was  0.42  and  0.43  for  Elgin  and  Elgin/dolomite  concrete,  respec- 
tively. The  cement  content  of  the  two  mixes  was  568  pounds  per  cubic 
yard  each.  Both  mixes  had  an  air  content  of  4.5%.  Three  prisms  mea- 
suring 5x6x6  inches  were  used  per  mix.  The  prisms  were  cast  and 
cured  for  7  days  in  a  100%  relative  humidity  fog  room  at  23°C  (73.4°F), 
dried  for  20  days  in  an  atmosphere  of  50%  relative  humidity  and  23%,  and 
tested  at  an  age  of  28  to  30  days.  Cores  of  0.5-inch  diameter  and  3- 
inch  length  were  cut  from  the  prisms  and  used  for  the  test.  The  equip- 
ment used  was  a  commercially  manufactured  dilatometer.  It  consisted  of 
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a  cylindrical  electric  furnace  with  the  capability  to  heat  specimens  to 
1600  °F  (871°C).  Length  changes  were  measured  by  the  Linear  Variable 
Differential  Transformer  (LVDT).  The  temperature  of  the  specimen  was 
measured  by  a  thermocouple.  All  the  measurements  were  continuously  re- 
corded on  an  X-Y  plotter.  It  was  observed  that  Portland  cement  paste 
contracted  while  mortars  and  concretes  expanded  with  increasing  tempera- 
ture. The  average  coefficient  of  linear  thermal  expansion  for  Elgin 
sand  and  gravel  concrete  was  7  x  10"6/°F  (12.6  x  10"6/°C)  and  7.9 
x  10"V°F  (14.2  x  10"6/°C)  for  dolomite  rock. 

In  addition,  optical  lever  has  been  used  by  Willis  and  De  Reus  [16] 
in  determining  the  coefficient  of  thermal  expansion  of  small  concrete 
specimens.  Extensometer  frames  have  been  used  by  the  U.S.  Bureau  of 
Reclamation  and  described  by  Mitchell  [17],  Optical  interferometer  meth- 
od was  used  by  Parsons  and  Johnson  [18]  of  the  National  Bureau  of  Stan- 
dards, Washington,  D.C.,  to  determine  the  thermal  expansion  of  137  speci- 
mens of  aggregates  at  a  temperature  range  of  -4  to  140°F  (-20  to  60  °C). 
Bonnell  and  Harper  [19]  measured  the  coefficient  of  thermal  expan- 
sion of  different  British  aggregates  and  of  concretes  prepared  from  them 
with  different  cements,  over  the  temperature  range  of  32  to  104°F  (0  to 
40°C).  Six  cylindrical  test  specimens  were  made  from  each  mix.  They 
were  cured  in  one  of  the  two  curing  conditions  namely  (1)  air  at  65% 
relative  humidity  (air  storage)  or  (2)  water.  The  change  in  length  of 
the  specimens  was  measured  using  an  apparatus  described  by  Bonnell  and 
Watson  [20].  Bonnell  and  Harper  arrived  at  the  following  conclusions: 
(1)  Siliceous  aggregates  have  the  highest  coefficients  of  thermal 
expansion;  limestones  have  the  lowest  coefficients  while 
igneous  rocks  have  intermediate  coefficients.  The  value  for  the 
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coefficient  of  thermal  expansion  for  aggregates  were  found  to 
range  from  2.1  to  6.5  x.10'6  per  °F  (3.8  to  11.7  x  10"6  per  °C) 

(2)  The  coefficient  of  thermal  expansion  of  concrete  depends 
largely  on  the  type  of  aggregate  used  in  the  mix.  Concrete 
made  with  siliceous  aggregates  have  the  highest  thermal  expan- 
sion, those  with  limestone  have  the  lowest,  and  those  with 
igneous  aggregates  intermediate.  The  coefficient  of  concretes 
ranges  from  3.4  to  7.3  x  10"6  per  °F  (6.1  to  13.1  x  10"6  per 
°C). 

(3)  The  richer  mixes  tend  to  have  slightly  higher  thermal  expan- 
sion. 

(4)  The  effect  of  age  on  the  thermal  expansion  of  concrete  is  only 
minor. 

(5)  The  method  of  curing  and  water  content  have  only  a  small  effect 
on  the  thermal  expansion. 

2.3  Factors  Affecting  Coefficient  of  Thermal  Expansion  of  Concrete 
The  coefficient  of  linear  thermal  expansion  of  concrete  has  been 
reported  to  be  affected  by  the  following  factors  [2,  21,  22]: 

1.  Type  and  amount  of  aggregate 

2.  Moisture  content 

3.  Type  and  amount  of  cement 

4.  Concrete  age 

The  first  two  factors  ire   the  principal  factors  affecting  the  coef- 
ficient of  linear  thermal  expansion  of  concrete  [2,  21], 
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2.3.1  Aggregate  Type 

In  general ,  aggregates  occupy  about  60  to  80%  of  hardened  concrete 
volume  [2,  23,  6].  The  coefficient  of  linear  thermal  expansion  of  con- 
crete is  largely  dependent  on  the  composition  and  quantity  of  the  aggre- 
gates. Tables  2.3  and  2.4  show  the  reported  average  coefficients  of 
linear  thermal  expansion  of  various  rocks  and  minerals,  respectively, 
within  normal  temperature  ranges  [5].  Quartz  has  the  highest  coeffi- 
cient of  linear  thermal  expansion  of  any  common  mineral.  The  coeffi- 
cients of  various  types  of  rocks  are  directly  related  to  their  quartz 
content.  Rocks  such  as  quartzite,  sandstone,  and  chert  which  are 
quartz-rich  have  the  highest  coefficients  averaging  about  6.7  x  10"6  per 
°F  (12  x  10"6  per  °C).  Those  with  little  or  no  quartz,  such  as  lime- 
stone and  marble  have  the  lowest  coefficients  averaging  approximately 
2.8  x  10"6  per  °F  (5  x  10" 6  per  QC).  Igneous  rocks  such  as  granite  and 
basalt  which  have  medium  quartz  content  have  intermediate  values.  The 
coefficient  of  linear  thermal  expansion  of  composite  rocks  may  be  deter- 
mined from  the  proportions  of  the  major  minerals  and  their  average  ex- 
pansion [1], 

The  pertinent  aggregate  thermal  characteristics  were  summarized  by 
Emmanuel  and  Hulsey  [23]  as  follows: 

1.  Generally,  thermal  coefficients  of  expansion  for  aggregates  are 
less  than  those  for  cement  pastes. 

2.  Moisture  content  has  little  effect  on  the  variability  of  the 
average  coefficient  for  aggregates. 

3.  Siliceous  rocks  have  the  highest  coefficient,  carbonate  rocks 
the  lowest,  and  igneous  rocks  usually  have  intermediate  values. 
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Table  2.3  Reported  Coefficients  of  Linear  Thermal  Expansion  of 
Various  Rocks  [5]. 


Average  coefficient  of 
linear  thermal  expansion 

Temp.  10"6/°C 

range 
Type  of  Rock  °C     Limit  values   Average  value 

Quartzite,  silica  shale,        n   Kn 

flint,  kieselgur,  geyserite      u...ou    ii.u...i^.d      n.« 


Sandstones  with  siliceous 
binders 


0...60     10.5. ..12.0      11.8 
Other  sandstones  0...60    10.0. ..12. 5      11.0 


Quartz  sands  and  gravels        0...60    10.0. ..12.5      11.0 


Clay  shale 

0...60 

9.5. ..10.5 

10.1 

Mica  shale 

0...60 

10.0.. .11.0 

10.7 

Phyllite 

Chlorite-  and  Talc-  shale 

0...60 

7.0...  8.0 

7.5 

Granite,  Arkosene, 

Quartz  prophry,  liparite 

0...60 

5.5...  8.5 

7.4 

Gneiss,  Granulites 

Syenites,  feldspathic  por- 
phyry, trachyte 
Diorites,  porphyrite, 

Andesite,  phono! ite  0...60     5.5...  8.0       6.5 

Gabbros,  diabase, 
Basalt 

Peridotites,  pikrite, 
Limburgit 

Dense,  crystalline,  porous  a)3.5...  6.0       4.5 

or  odlitic  limestones,  0...30    b)  +     •,,  n 

lime  sinter  c)  t0  li,u 


a)  pure  Galcite  a)4.0...  6.5       5.0 

b)  with  Aragonite  30. ..60    b)  f     ..    K 

c)  with  Admixtures  c)     i,b 


Marbles 


0...30     4.0...  7.0       4.5 
30.. .60     6.0. ..10.0       6.5 


Dolomites,  Magnesites  0...60     7.0. ..10.0      8.5 
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Table  2.4  Reported  Coefficients  of  Linear  Thermal  Expansion  of 
a  Few  More  Important  Rock  Minerals  [5]. 


Type  of  Mineral 

Average  coefficient 
on  1 inear  expansion 

io"6/°c 

Silica  Group 

Quartz,  Chalcedony 
Opal 

11.5  to 
6   to 

12 
7 

Feldspar  Group 

Potassium  feldspars 
Orthoclase  ) 
Microline  ) 

6.5  to 

7.5 

Sodium  calcium  feldspars 

Albite  (sodium  feldspar) 

Oligoclase  ) 

Andesite   ) 

Labrador   ) 

Bytownite  ) 

Anorthite  (calcium  feldspar) 

5   to 

4   to 
2.5  to 

6 

3 
3 

Feldspathoids 

(ca. 

4.5  to 

7.5)   1) 

Mica  Group 

ca. 

8   to 

12 

Augite  -  and  hornblende  group 

ca. 

6.5  to 

7.5 

Olvine  group 

6   to 

9)  1) 

Carbonates 

Calcite 

4.5  to 

5 

Aragonite 

20.5 

l>     The  values  cannot  be  regarded  as  free  from  uncertainty,  as  they 
have  not  been  checked  by  measurements. 
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4.  Similar  types  of  rocks  from  different  sources  have  coefficients 
that  correspond  to  their  mineral  compositions. 

5.  Limestone  aggregates  within  a  normal  atmospheric  temperature 
range  have  an  average  coefficient  of  approximately  2.5  x 
10"6/°F  (4.5  x  10"6/°C). 

2.3.2  Moisture  Content 

The  moisture  content  or  the  degree  of  saturation  has  been  reported 
as  one  of  the  principal  factors  affecting  the  coefficient  of  linear 
thermal  expansion  of  concrete.  Neville  [4,  24]  reported  that  the  effect 
of  the  moisture  content  on  the  coefficient  of  linear  thermal  expansion 
applies  only  to  the  paste  component  because  thermal  expansion  is  af- 
fected by  (1)  true  kinetic  thermal  expansion  and  (2)  swelling  pres- 
sure. The  true  kinetic  thermal  expansion  of  a  specimen  is  defined 
mainly  by  the  spatial  arrangement  of  its  molecules  and  by  the  type  of 
the  material,  and  is  not  revealed  by  its  chemical  composition  alone 
[5],  Swelling  pressure  is  caused  by  a  decrease  in  the  capillary  tension 
of  water  held  by  the  paste  with  an  increase  in  temperature  [4,  24]. 
The  variation  of  the  coefficient  of  linear  thermal  expansion  of  cement 
paste  is  much  greater  than  that  of  concrete  [17]. 

Dry  (0%  saturation)  concrete  at  a  temperature  range  of  15  to  70°F 
(-9.4  to  21.1  °C)  has  an  essentially  constant  coefficient  of  linear 
thermal  expansion  while  moist  or  nearly  saturated  concrete  shows  a 
significant  increase  in  coefficient  with  increase  in  temperature 
[3],  The  coefficient  of  thermal  expansion  of  partially  saturated  con- 
crete is  generally  1.1  x  10"6/°F  (2  x  10"6/oc)  greater  than  when 
saturated  [2],  Browne  [2]  attributed  the  high  partially  saturated  value 
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to  the  increasing  absorption  by  the  gel  of  the  capillary-held  water  with 
increasing  temperature. 

Dettling  [5]  is  of  the  view  that  for  rocks,  the  variation  of  degree 
of  saturation  has  no  effect  on  the  value  of  the  coefficient  of  linear 
thermal  expansion  of  rocks  but  has  some  effects  on  that  of  concrete. 

Dettling  [5]  regarded  linear  thermal  expansion  of  concrete  as  a 
very  complex  physical  process.  The  total  linear  thermal  expansion  is 
made  up  of  (1)  the  actual  linear  thermal  expansion  and  (2)  the  apparent 
linear  thermal  expansion  [5].  The  actual  linear  thermal  expansion  is 
the  true  linear  thermal  expansion  caused  by  Brownian  molecular  movements 
produced  by  a  change  in  temperature.  Its  value  is  constant.  The  appar- 
ent linear  thermal  expansion  is  a  swelling  pressure  caused  by  "adsorp- 
tive  mass  attraction  forces  and  capillary  stresses"  [5:67].  The 
swelling  and  shrinkage  occur  in  the  cement  gels  region  because  of  inter- 
nal moisture  movements  caused  by  a  change  in  the  capillary  forces  pro- 
duced by  variation  in  temperature  [5j.  A  completely  dry  or  fully  water 
saturated  specimen  has  no  apparent  linear  thermal  expansion.  Hence 
maximum  apparent  thermal  expansion  occurs  when  the  specimen  is  partially 
saturated.  The  value  of  apparent  thermal  expansion  is  variable  since  it 
depends  on  age  and  degree  of  saturation.  Aging  of  cement  gels  with  time 
will  reduce  apparent  thermal  expansion. 

Orchard  [25]  pointed  out  that  the  coefficient  of  linear  thermal  ex- 
pansion is  not  affected  by  drying  wet-cured  concrete  specimens. 
2.3.3  Type  and  Amount  of  Cement 

The  type  of  cement  does  not  greatly  affect  the  coefficient  of  lin- 
ear thermal  expansion  of  concrete,  as  reported  by  Orchard  [25],  During 
the  early  age  of  concrete,  Meyers  [26]  observed  that  the  value  of  the 
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coefficient  is  dependent  on  the  quantity  of  tricalcium  silicate  (C3S)  in 
the  cement.  He  observed  that  cement  with  a  high  amount  of  tricalcium 
silicate  compound  had  a  high  coefficient  and  those  with  low  tricalcium 
silicate  had  a  low  volume  change  with  temperature  variation.  With  time, 
cements  with  a  low  amount  of  tricalcium  silicate  appeared  to  have  a 
coefficient  in  the  same  range  as  those  with  high  tricalcium  silicate 
[26]. 

The  coefficient  of  linear  thermal  expansion  was  reported  to  in- 
crease with  an  increase  in  the  cement  content  of  the  concrete  mix  [26], 
2.3.4  Concrete  Age 

Aging  of  saturated  specimens  tends  to  reduce  the  coefficient  of 
linear  thermal  expansion  because  of  increased  crystallization  of  the  gel 
structure  [2].  Neville  [4,  24]  attributed  the  increase  in  the  amount  of 
crystalline  material  in  hardened  paste  to  a  reduction  in  the  potential 
swelling  pressure. 

Orchard  [25]  pointed  out  that  the  time  of  wet-curing  (i.e.  in 
water)  has  little  effect  on  the  coefficient  of  thermal  expansion,  while 
the  time  of  dry-curing  (i.e.  in  air)  has  little  effect  up  to  3  months 
and  tends  to  reduce  the  coefficient  of  thermal  expansion  slightly  be- 
tween 3  months  and  1  year. 

Matsumoto  [12]  found  that  the  coefficient  of  expansion  of  mortar 
and  concrete  for  different  proportions  and  ages  is  practically  the  same 
as  far  as  the  same  materials  are  used  in  all  mixtures. 
2.3.5  Other  Factors 

2.3.5.1  Curing  condition.  The  coefficient  of  linear  thermal 
expansion  of  concrete  was  reported  to  be  slightly  higher  when  cured 
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under  dry  conditions  than  wet  conditions.  Orchard  [25]  warned  that  the 
evidence  was  a  little  conflicting. 

2.3.5.2  Heating/Cooling.  According  to  Dettling  [5],  the  coeffi- 
cient of  linear  thermal  expansion  is  higher  during  cooling  than  during 
heating.  He  reasoned  that  increased  expansion  during  cooling  is 
possible  only  when  there  is  no  plastic  deformations  and  losening  of 
structure. 

Mitchell  [17]  and  other  investigators  reported  that  the  value  of 
the  coefficient  for  aggregate  obtained  by  going  from  low  to  high  temper- 
ature is  frequently  slightly  higher  than  starting  from  high  to  low  tem- 
perature 

2.3.5.3  Air  voids.  The  coefficient  of  linear  thermal  expansion  of 
concrete  was  reported  not  to  be  affected  by  the  presence  of  air  voids 
[5,  24]. 

2.3.5.4  Size  of  test  specimens.  The  determination  of  the  coeffi- 
cient of  linear  thermal  expansion  involves  the  measurement  of  very  small 
changes  in  length.  The  accuracy  and  precision  of  the  determination  were 
reported  to  be  greater  for  the  longer  specimens  [27]. 

2.3.5.5  Type  of  storage  liquid.  The  type  of  liquid  used  to  store 
test  specimens  can  affect  the  value  of  coefficient  of  linear  thermal  ex- 
pansion. Meyers  [26]  noted  that  storage  of  test  specimens  at  constant 
temperature  in  kerosene  or  glycerol  does  not  cause  the  specimens  to  ex- 
pand or  contract  as  storage  in  water  does.  He  reasoned  that  kerosene  or 
glycerol  does  not  become  an  integral  part  of  the  cement  gel  structure  as 
water  does. 
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2.3.5.6  Freezing  temperature.  Dettling  [5]  warned  against  the  use 
of  temperature  range  that  includes  32  °F  (0°C)  to  determine  the  coeffi- 
cient of  linear  thermal  expansion  because  freezing  of  pore  water  will 
cause  volume  change  rendering  the  results  inaccurate. 

2.4  Effects  of  Thermal  Expansion  on  Pavements 
The  property  of  concrete  to  contract  and  expand  due  to  temperature 
and  moisture  variation  is  of  tremendous  importance  to  the  engineers  who 
design  concrete  structures.  This  dimensional  instability  influences  the 
ability  of  concrete  structures  to  provide  maintenance-free  service  con- 
dition. Expansion  and  contraction  affect  concrete  pavements  in  two  ways. 
First,  the  existence  of  temperature  and  moisture  differential  between 
the  top  and  bottom  surfaces  of  the  concrete  pavement  causes  it  to  curl 
and  warp,  respectively  [28].  Warping  is  counteracted  by  the  weight  of 
the  slab  [29].  Secondly,  the  expansion  and  contraction  due  to  uniform 
temperature  change  in  the  entire  cross  section  of  the  concrete  pavement 
will  result  in  the  development  of  forces  of  friction  between  the  pave- 
ment and  the  subgrade  [29].  In  addition  to  tensile  stresses  caused  by 
wheel  loads,  a  temperature  drop  also  causes  tensile  stresses  in  concrete 
pavements.  Conversely,  a  rise  in  temperature  will  produce  compressive 
stresses.   According  to  Bergstrom  [29],  the  presence  of  compressive 
stresses  in  the  boundary  surface  of  pavement  and  subgrade  can  lead  to 
blow-up  unless  the  expansion  joints  are  spaced  not  far  apart. 


CHAPTER  3 

DEVELOPMENT  OF  A  LABORATORY  TESTING  PROCEDURE  FOR 

MEASURING  LENGTH  CHANGE  OF  CONCRETE 

This  chapter  describes  the  development  of  laboratory  testing  proce- 
dure used  to  measure  the  change  in  length  of  concrete  specimens  in  this 
research  project. 

3.1  Introduction 


There  are  many  different  methods  for  measuring  the  thermal  expan- 
sion of  solids.  The  methods  may  be  classified  as  mechanical,  electri- 
cal, optical,  and  X-ray.  Examples  of  a  mechanical  method  are  dial  gages 
and  micrometer  screws.  Transducers,  gages,  tape  transmitters  are  exam- 
ples of  electrical  methods.  Optical  method  examples  are  mirror  arrange- 
ment, measurement  microscope,  and  interference.  The  choice  of  the  meth- 
od to  use  depends  on  several  factors  including 

1.  Degree  of  accuracy  and  sensitivity 

2.  Automated  or  manual  procedure 

3.  Properties  of  the  material 

4.  Quantity  of  the  material  to  be  measured 

5.  Temperature  range  of  the  measurement 

6.  Type  of  information  needed 

7.  Economy 

All  the  methods  used  to  measure  change  in  length  can  be  categorized 
as  either  relative  or  absolute  [30],  A  method  is  termed  relative  when 
the  expansion  of  the  material  being  determined  is  measured  relative  to 
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the  expansion  of  another  material.  When  the  expansion  of  the  material 
being  investigated  is  measured  direclty,  the  method  is  known  as  abso- 
lute. 

A  dial  gage  was  selected  to  be  used  in  the  investigation.  The  se- 
lection of  the  dial  gage  method  was  influenced  largely  by  the  expedien- 
cy, availability  of  equipment,  size  and  quantity  of  the  test  specimens, 
and  suitable  experimental  procedure.  The  method  was  found  to  be  ade- 
quate for  the  investigation  after  preliminary  experiments  using  the  dial 
gage. 

3.2  Test  Equipment 

The  equipment  used  to  conduct  change  in  length  measurements  com- 
prises essentially  of  a  length  comparator,  water  tank,  and  forced  draft 
oven. 
3.2.1  Length  Comparator 

The  length  comparator  (see  Figure  3.1)  used  was  manufactured  by  the 
Humboldt  Manufacturing  Company,  Norridge,  Chicago,  Illinois.  It  con- 
sists of  a  sensitive  dial  micrometer  mounted  on  a  sturdy  upright  support 
that  is  attached  to  a  solid  triangular  base.  The  dial  micrometer  is 
graduated  to  read  to  0.0001  inch.  The  range  of  the  scale  is  0.4000 
inch.  The  dial  has  one  large  and  two  small  count  hands  with  needle 
pointers.  The  scale  may  be  rotated  to  set  for  zero  at  any  indication  of 
the  large  needle  pointer  where  it  can  then  be  locked  by  a  set  screw. 
The  two  smaller  count  hands  with  needle  pointers  on  the  face  of  the 
large  dial  show  the  number  of  revolutions  of  the  larger  pointer.  One  of 
the  count  hands  shows  the  reading  in  0.010  inch  and  the  other  hand  shows 
it  in  0.100  inch. 
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Figure  3.1  Length  Comparator 
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There  are  two  anvils  fitted  with  collars  and  shaped  to  meet  the 
measuring  studs  cast  into  the  ends  of  the  test  concrete  bars.  As  sup- 
plied by  the  manufacturer,  one  of  the  anvils  is  movable  whereas  the 
other  is  stationary.  The  movable  anvil  is  attached  to  the  end  of  the 
indicator  spindle  while  the  stationary  anvil  is  attached  to  the  base 
with  a  threaded  fastener  through  the  base  and  a  hex  lock  nut.  The  orig- 
inal threaded  fastener  was  replaced  with  a  longer  one  to  facilitate  ad- 
justment tc  various  heights.  This  was  necessary  because  the  specimens 
obtained  from  in-service  concrete  pavements  are  approximately  9  inches 
while  the  laboratory  specimens  are  11.25  inches  long. 
3.2.2  Water  Tank 

A  water  tank  which  was  to  be  used  to  saturate  and  condition  the 
concrete  specimens  to  specified  test  temperatures  was  constructed  for 
this  study. 

The  water  tank  is  rectangular  in  shape  measuring  4  feet  long  by  2 
feet  wide  by  1  foot  high  (see  Figure  3.2).  It  was  fabricated  in  the 
laboratory  from  0.125  inch  steel. 

The  tank  was  fitted  with  a  heating  element,  thermometer,  thermo- 
stat, and  a  pump.  The  neating  element  is  used  to  heat  the  water  to  the 
desired  temperature.  The  water  temperature  is  read  from  the  thermometer 
while  the  thermostat  is  used  to  control  the  water  temperature.  The  pump 
circulates  the  water  in  the  tank.  This  is  necessary  to  keep  the  temper- 
ature of  the  water  uniform  all  over  the  tank. 

The  interior  of  the  tank  was  cleaned  and  smoothened  with  sandpa- 
per. It  was  sprayed  with  several  coats  of  rust  retardant  and  painted 
white.   Two  small  hollow  rectangular  pieces  of  rods  were  glued  to  the 
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Figure  3.2     Water  Tank 
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bottom  of  the  tank  for  the  specimens  to  be  placed  on.  This  helps  to 
circulate  the  heated  water  to  all  surfaces  of  the  specimens. 

The  exterior  of  the  tank  was  insulated  using  Tuff-R  Insulating 
Sheathing  manufactured  by  the  Celotex  Corporation.  It  is  a  semi-rigid 
polyisocyanurate  foam  board  insulation  with  a  reinforced  aluminum  foil 
facer  on  one  side  and  a  solid  aluminum  foil  facer  on  the  other  side. 
The  nominal  board  thickness  is  0.75  inch.  The  R-value,  resistance  to 
heat  flow,  at  75°F  (23.9  °C)  mean  temperature  aged  over  five  years  is 
5.4. 

3.2.3  Forced  Draft  Oven 

A  standard  laboratory  oven  with  approximately  2  cubic  feet  capacity 
was  modified  in  the  laboratory  to  enable  flow  of  warm  air  through  the 
oven.  The  modification  was  done  by  the  provision  of  a  large  inlet  port 
on  one  side  of  the  oven  and  a  small  exit  port  on  the  top  of  the  oven.  A 
flexible  aluminum  duct  was  used  to  connect  the  two  ports.  A  375  cfm  air 
booster  was  installed  over  the  inlet  port  on  the  outside  of  the  oven  and 
connected  to  the  duct  line  (see  Figure  3.3.).  A  thermostat  and  sensor 
were  also  installed  to  control  the  temperature  of  the  oven.  A  small 
hole  was  made  on  the  side  of  the  oven  so  that  a  thermometer  could  be  in- 
serted to  check  the  temperature  inside  the  oven. 

3.2.4  Specimen  Molds 

A  one  compartment  mold  with  inside  dimension  of  3  inches  wide  by 
11.25  inches  long  was  used  to  cast  the  test  specimens.  A  total  of  ten 
molds  were  used  per  batch.  The  thickness  of  the  steel  mold  is  0.5  inch. 
Two  0.375  inch  thick,  3  inches  square  steel  end  plates  with  a  hole  at 
their  centers  were  used  to  hold  the  contact  points  in  place.  Figure  3.4 
shows  a  picture  of  the  mold. 
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Figure  3.4     Specimen  Mold 
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3.3  Test  Specimens 

Specimens  used  were  either  concrete  bars  batched  in  the  laboratory 
or  bars  sawed  from  cores  obtained  from  selected  in-service  concrete 
pavements.  Coring  of  samples  was  done  by  the  Florida  Department  of 
Transportation  district  crew  and  coordinated  by  the  Materials  Office, 
Gainesville.  The  core  samples  were  delivered  to  the  Civil  Engineering 
Department  for  further  preparation  to  the  desired  shape.  The  identified 
and  rough  dressed  cylindrical  cores  measured  approximately  6  inches  1 
diameter  by  9  inches  long.  The  samples  were  machined  in  the  laboratory 
to  rectangular  cross  sections  measuring  approximately  3  inches  wide  by  3 
inches  thick  by  9  inches  long.  Steel  saw  blades  were  used  to  cut  the 
core  samples  to  the  desired  dimension. 

A  hole  was  drilled  on  each  of  the  two  ends  in  the  long  direction. 
One  end  of  the  contact  point  was  dipped  in  epoxy  and  firmly  inserted 
into  the  hole.  It  was  then  left  to  harden.  The  amount  of  epoxy  used  is 
so  small  that  it  should  not  affect  the  result. 

The  laboratory  specimens  measured  3  inches  wide  by  3  inches  thick 
by  11.25  inches  long.  The  specimens  were  obtained  from  concrete  batches 
with  each  batch  varying  from  others  in  terms  of  W/C  ratio,  type  of 
coarse  aggregate  used,  and  cement  content.  Figure  3.5  shows  a  picture 
of  a  concrete  specimen  with  embedded  thermocouples. 

3.4  Test  Procedures 


3.4.1  Measurement  of  Length  Change 

Prior  to  measuring  length  changes  of  the  specimens,  a  high  and  low 
reading  for  the  standard  invar  reference  bar  was  obtained.  Another  high 
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and  low  reference  bar  reading  was  taken  at  the  conclusion  of  measure- 
ments at  a  particular  temperature.  This  was  done  because  the  room 
temperature  might  not  be  constant  at  the  location  of  the  apparatus. 
This  measurement  is  necessary  in  order  to  adjust  for  the  change  in 
length  of  the  reference  bar.  The  following  formula  was  used  to  correct 
length  readings  of  the  reference  bar,  if  necessary,  taken  at  tempera- 
tures other  than  an  arbitrary  standard  temperature: 

Lstd.temp.  -   Lx  "  (Tx  "  Std.temp.)  Ga       Eq.  3.1 
where 

Lstd.temp.=  corrected  length  reading  of  the  reference  bar, 

Lx    =  length  reading  of  the  reference  bar  taken  at  tempera- 
ture Tx, 
G     =  gage  length,  and 

a     *  coefficient  of  linear  thermal  expansion  of  the  refer- 
ence bar  material . 
The  coefficient  of  linear  thermal  expansion  of  invar  is  1.6  x 
10"6/°F  (0.9  x  10'6/°C)  [31]  and  stainless  steel  value  range  from  5.5  to 
9.6  x  10"6/°F  (9.9  to  17.3  x  10"6/°C)  [32].  The  reference  bar  for  the 
laboratory  specimens  is  an  invar  rod  while  that  of  field  specimens  is 
stainless  steel. 

The  correction  factor  for  a  5°F  (2.8°C)  variation  in  temperature  is 
0.000093  and  0.00026  for  invar  and  stainless  steel,  respectively. 

Specimens  were  initially  conditioned  to  the  desired  temperature 
either  in  the  oven  or  water  tank  for  about  24  hours.  The  reason  for 
this  length  of  time  is  to  make  sure  that  the  specimens  actually  attain 
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the  desired  temperature.  As  the  project  progressed,  specimen  tempera- 
ture was  measured  with  thermocouples  embedded  at  the  surface  and  mid- 
depth  (Figure  3.5).  It  was  apparent  from  thermocouple  readings  that  the 
desired  temperature  can  be  attained  within  3  hours.  Therefore,  condi- 
tioning of  specimens  for  24  hours  was  abandoned.  Readings  were  taken 
after  at  least  6  hours  of  conditioning. 

A  specimen  was  brought  to  the  instrument  with  the  dial  indicator 
retracted.  It  was  carefully  positioned  in  the  lower  anvil  and  the  in- 
dicator released  very  slowly  and  carefully  to  make  contact  with  the 
upper  anvil.  The  specimen  was  then  rotated  slowly  while  measurement  of 
the  length  was  read  aloud  by  one  person  and  recorded  by  another  on  each 
of  the  four  sides.  The  use  of  two  people  to  read  and  record  the  change 
in  length  of  the  specimens  was  necessary  to  prevent  the  specimens  from 
cooling  before  readings  were  completed.  At  later  readings,  the  use  of  a 
second  person  was  abandoned  as  a  cassette  recorder  was  used  instead. 
The  mean  of  the  four  readings  was  used  as  the  length  reading  for  that 
cycle.  It  was  found,  as  discussed  in  the  next  section,  that  using  two 
cycles  of  reading  was  sufficient  for  the  precision  required  for  this 
study.  Consequently,  two  cycles  of  readings  were  used.  The  direction 
of  the  rotation  of  the  specimen  in  the  length  comparator  for  cycle  1  was 
opposite  to  that  used  for  cycle  2.  Two  opposite  directions  were  used  to 
reduce  the  effects  of  the  direction  of  rotation  on  the  results.  The 
specimens  were  placed  in  the  length  comparator  with  the  same  end  pointed 
up  each  time  a  length  measurement  was  made. 
3»4.2  Determination  of  Degree  of  Saturation  of  Test  Specimens. 

The  volume  of  permeable  pore  space  or  voids  in  the  test  specimen 
was  determined  in  accordance  with  ASTM  C  642-82  with  minor  modification 
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to  procedure  5.3.  Since  we  are  interested  in  knowing  the  moisture  con- 
tent of  the  specimen  at  the  time  of  the  test,  the  specimen  was  not  al- 
lowed to  "cool  by  natural  loss  of  heat  for  not  less  than  14  hours  to  a 
final  temperature  of  68  to  77°F  (20  to  25°C)"  as  required  under  the 
aforementioned  procedure.  Therefore,  the  saturated  weight  after  boiling 
was  obtained  by  weighing  the  surface-dried  specimen  after  obtaining  the 
change  in  length  reading  at  140°F  (60°C). 

The  degree  of  saturation  of  watersaturated  specimen  was  determine 
as  follows: 

Wt.  of  oven-dried  specimen  in  air  =  A 

Wt.  of  surface-dry  specimen  in  air  after  immersion  =  B 

Wt.  of  surface-dry  specimen  in  air  after  immersion  &  boiling      =  C 
Wt.  of  specimen  in  water  after  immersion  &  boiling  =  D 

Since 

Voids  {%) 

Degree  of  saturation 


<U-SX  ioo 

V 

at  ion 

=  ^-  x   100 

V 

W 
=  — ~-  x  100 

'W    V 

Therefore, 


Degree  of  Saturation     =   n  ■  -  x  100 


C  -  A 
'w  v 


where 


yw  -     unit  weight  of  water, 
V    =  volume  of  voids 

=  volume  of  specimen  x  Vo1Jq^  . 
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3.4.2.1  Calculation  of  coefficient  of  linear  thermal  expansion  The 
coefficient  of  linear  thermal  expansion,  a  of  each  of  the  samples  was 
computed  from  the  following  equation: 


U2  -  L1)/L1 

^2  ~   V 


Eq.  3.1 


where 

a    =  coefficient  of  linear  thermal  expansion, 

l_i  =  original  length, 

l_2  =  final  length, 

Tj  =  original  temperature,  and 

T2  =  final  temperature 
3.4.3  Evaluation  of  the  Test  Method 

A  preliminary  study  was  conducted  to  determine  the  effectiveness  of 
the  test  procedure.  First,  the  variability  of  the  length  readings  from 
cycle  to  cycle  was  determined  for  various  environmental  conditions. 
Then,  the  number  of  cycles  of  readings  was  determined  based  on  the  vari- 
ability of  the  data. 

Table  3.1  displays  the  typical  readings  for  four  different  condi- 
tions, namely  (1)  oven-dry  at  room  temperature,  (2)  oven-dry  at  140  °F, 
(3)  saturated  at  room  temperature,  and  (4)  saturated  at  140  °F.  It  can 
be  noted  that  the  variability  of  readings  from  cycle  to  cycle  (as  seen 
from  the  standard  deviation,  Sx)  is  higher  when  readings  are   taken  at 
140  °F.  For  all  the  conditions,  the  standard  deviations  are  equal  or 
less  than  0.0001  inch,  which  is  the  sensitivity  of  the  length  compara- 
tor. This  indicates  that  the  method  used  for  the  measurement  of  the 
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Table  3.1  Typical  Length  Readings  for  Four  Different 
Environmental  Conditions. 


CYCLE 

SIDE 

OVEN-DRY 
82.4  °F* 
(28  °C) 

OVEN-DRY 

140  °F 

(60  °C) 

SATURATED 
81.5  °F 
(27.5  °C) 

SATURATED 
140  °F 
(60  °C) 

A 

0.21112** 

0.19659 

0.22194 

0.18490 

3 

0.21110 

0.19662 

0.22194 

0.18490 

1 

C 

0.21109 

0.19662 

0.22193 

0.18489 

D 

0.21109 

0.19658 

0.22192 

0.18488 

AVG. 

0.2111000 

0.1966000 

0.2219330 

0.1848925 

A 

0.21100 

0.19654 

0.22194 

0.18509 

B 

0.21110 

0.19656 

0.22194 

0.18500 

2 

C 

0.21104 

0.19656 

0.22192 

0.18503 

D 

0.21110 

0.19655 

0.22192 

0.18504 

AVG. 

0.21106 

0.1965530 

0.2219300 

0.1850400 

MEAN 

0.2110800 

0.1965765 

0.2219315 

0.1849663 

STD. 

DEV. 

0.0000283 

0.0000332 

0.0000021 

0.00010 

STD. 
(if  2 
are 

DEV.  of  Mean 
cycles 
used) 

0.0000200 

0.0000235 

0.0000015 

0.000073b 

NOTE:  *  Temperature  of  specimen  at  time  of  test. 

**  Length  readings  are  relative  and  in  units  of  inches. 
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length  is  fairly  effective  and  its  precision  is  limited  only  by  the  pre- 
cision of  the  length  comparator.  Although  it  may  be  sufficient  to  use 
only  one  cycle  of  measurement,  it  is  decided  to  use  two  cycles  of  mea- 
surement so  that  (1)  the  mean  length  measurement  would  be  more  reliable, 
and  (2)  the  variability  of  the  readings  could  be  checked.  Table  3.1 
also  displays  the  standard  deviations  of  the  mean  length  readings  for 
two  cycles.  It  can  be  seen  that  the  standard  deviations  of  the  means 
are  much  less  than  0.0001  inch. 

The  coefficient  of  linear  thermal  expansion,  a  of  each  of  the 
samples  was  computed  from  the  following  equation: 

(L2  -  L1)/L1 


(T2  -  V  Eq.  3.2 


where 

a  =  coefficient  of  linear  thermal  expansion, 
Lj  =  original  length, 
l_2  =  final  length, 
Tj  =  original  temperature,  and 
T2  =  final  temperature 

The  relationship  for  the  coefficient  of  linear  thermal  expansion 
expressed  in  degree  Fahrenheit  and  Centigrade  is 

a/°C  =  1.8  a/°F  Eq.  3.3 


CHAPTER  4 
TESTING  PROGRAM 


This  chapter  presents  the  design  of  the  experiment  and  the  testing 
procedures  used  in  the  testing  of  laboratory  and  field  specimens  in  this 
research  study. 

4.1  Laboratory  Testing  Program 
4.1.1  Design  of  the  Experiment 

By  the  design  of  an  experiment,  we  simply  mean  the  plan  of  an  ex- 
periment [33],  Experiments  are   planned  or  designed  solely  to  provide 
the  experimenter  with  maximum  amount  of  information  relevant  to  the 
problem  being  investigated  at  minimum  cost.  Also,  analysis  of  data  col- 
lected from  designed  experiment  by  statistical  methods  will  yield  valid 
and  objective  conclusions  [33], 

One  of  the  main  objectives  of  the  laboratory  study  is  to  determine 
the  effects  of  mix  parameters  (such  as  aggregate  type,  water-cement  ra- 
tio, and  cement  content)  and  curing  time  on  the  coefficient  of  linear 
thermal  expansion,  and  the  shrinkage  and  expansion  due  to  moisture 
changes  of  Florida  Class  I,  II,  III,  &  IV  concrete. 

To  achieve  this  objective,  an  incomplete  factorial  experiment  in- 
corporating the  following  variables  was  used  in  the  study: 

1.  Three  aggregate  types--Brooksville  limestone,  a  river  gravel, 
and  a  dense  limestone  (Calera  aggregate). 
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2.  Cement  contents— 508,  564,  658,  and  752  lbs.  per  cubic  yard. 

3.  Water/cement  ratios--0.53,  0.45,  0.38,  and  0.33. 

4.  Curing  times— 28  days  and  3  months. 

The  concrete  mixes  for  this  study  are  displayed  in  Table  4.1.  Two 
replicate  batches  per  mix  were  made  in  order  to  have  a  reasonable  sta- 
tistical base.  This  amounts  to  a  total  of  24  batches.  The  order  of 
making  and  testing  the  24  batches  was  completely  randomized. 

A  target  slump  of  3  inches  was  aimed  for  and  was  achieved  by  adding 
appropriate  amounts  of  superplasticizer  to  the  mixes.  The  exact  propor- 
tioning of  mix  ingredients  was  determined  from  the  trial  batches.  Ini- 
tial designs  of  the  trial  batches  were  made  using  the  COMIX  computer 
program  [34], 

The  tests  performed  on  the  hardened  concrete  specimens  at  the  vari- 
ous curing  conditions  were  (1)  flexural  strength  test  using  simple  beam 
with  third-point  loading  to  determine  the  modulus  of  rupture  which  is 
the  maximum  stress  at  rupture,  (2)  compression  test  to  determine  the 
compressive  strength  and  static  modulus  of  elasticity,  (3)  length  change 
due  to  temperature  and  moisture  test,  and  (4)  splitting  tensile  test  to 
determine  the  splitting  tensile  strength  (see  Table  4.2). 

The  following  tests  was  conducted  on  the  fresh  concrete  for  each 
batch  of  concrete: 

1.  Slump  test 

2.  Air  content  test 

3.  Unit  weight  test. 
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Table  4.1  Mix  Combinations  for  the  Laboratory  Study. 


Brooksvil  le 
Limestone 


IV 
w/c  =  .33 


Aggregate 

Concrete 

Cement  Content  (lb.  per  cu.  yd.) 

Type 

Class 

508      564      658      752 

w/c  =  .53 

X 

X 

II 
w/c  =  .45 

X 

X 

III 
w/c  =  .38 

X 

River 
Gravel 


I 
w/c  =  .53 


II 

w/c  =  .45 


IV 
w/c  =  .33 


Dense 
Limestone 


I 
w/c  =0.53 


II 
w/c  =  .45 


IV 
w/c  =  .33 


Note:     X  Two  replicate  batches  per  cell 
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Table  4.2  Tests  Performed  on  Each  Batch  of  Concrete. 


TEST 


Flexural    Compression   Length  Change     Splitting  Tensile 
Curing    Strength  due  to  temperature   Test  (4"  x  8" 

(ASTM  C78)  (ASTM  C469)    and  moisture       cylinders 


28  days 
Moist  Room 


3  months 
Moist  Room 


Note:   X  Three  replicate  samples  per  cell. 
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4.1.2  Fabrication  of  Concrete  Specimens 

4.1.2.1  Mixing  of  concrete.  The  concrete  batches  were  mixed  in  a 
stationary  nontilting  rotary  type  mixer  with  a  maximum  capacity  of  25 
cubic  feet.  The  concretes  was  prepared  in  13  cubic  feet  batches.  The 
coarse  aggregate  and  some  mixing  water  was  added  into  the  mixer  prior  to 
starting  rotation.  A  solution  of  air  entrainment  admixture  was  added  to 
the  mixing  water.  While  the  mixer  was  running,  fine  aggregate,  cement, 
and  about  80%  of  required  water  were  added.  After  all  the  ingredient 
were  in  the  mixer,  the  concrete  was  mixed  for  3  minutes  followed  by  a  3- 
minute  rest.  The  remaining  water  was  added  to  the  mixer  followed  by  a 
2-minute  final  mixing.  A  slump  test  was  run  to  determine  whether  or  not 
a  target  slump  of  3  inches  has  been  reached.  If  the  slump  was  too  low, 

a  water  reducing  admixture,  Mighty  RD-1,  was  added  to  the  mixture  fol- 
lowed by  another  2-minute  mixing.  Another  slump  test  was  performed  and 
the  process  as  elucidated  above  repeated  until  the  target  slump  was 
achieved.  The  amount  of  water  reducing  agent  added  to  the  concrete  mix 
was  small  and  so  should  not  have  any  significant  effect  on  the  coeffi- 
cient of  linear  thermal  expansion. 

4.1.2.2  Casting  of  concrete  Specimens.  After  mixing  was  comple 
the  concrete  was  discharged  into  a  large  hopper  through  a  rectangular 
opening  on  the  side  of  the  mixer.  Concrete  was  extracted  as  needed  from 
the  hopper  for  fresh  concrete  tests,  and  for  casting  of  beams,  cylin- 
ders, and  test  specimens.  The  following  tests  were  performed  on  the 
fresh  concrete:  slump  test  (ASTM  C143-78),  air  content  test  (ASTM  C173- 
78),  and  unit  weight  test  (ASTM  C138-81)  [35].  The  concrete  mixture  was 
then  placed  in  6"  x  12"  plastic  cylinder  molds,  4"  x  8"  plastic  cylinder 
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molds,  6"  x  6"  x  30"  steel  beam  molds,  and  3"  x  3"  x  11-1/4"  steel  spec- 
imen molds.  The  molds  were  placed  on  two  20"  x  20"  syntron  vibratory 
tables  and  vibrated  while  being  filled  with  concrete  mixture.  Six  6"  x 
6"  x  30"  beam  specimens,  six  6"  x  12"  cylindrical  specimens,  six  4"  x  8" 
cylindrical  specimens,  and  ten  3"  x  3"  x  11-1/4"  test  specimens  were 
cast  for  each  batch  of  concrete.  They  were  cured  under  a  plastic  sheet 
cover  for  about  20  to  24  hours  before  being  demolded  and  cured  in  the 
moist  room. 

4.1.2.3  Curing  of  concrete  specimens.  The  concrete  specimens  wer 
cured  under  two  conditions,  namely,  28-day  and  90-day  moist  curing. 

The  moist  room  conforms  with  the  ASTM  requirements  that  the  rela- 
tive humidity  be  greater  than  98%  and  the  temperature  be  at  73  +  3°F 
(22.8  t  1.6  °C). 
4.1.3  Testing  of  Fresh  Concrete 

The  tests  performed  on  the  fresh  concrete  are  slump,  air  content, 
and  unit  weight. 

4.1.3.1  Slump  test.  The  slump  test  was  performed  in  accordance 
with  ASTM  C143-78.  Slump  test  is  used  to  measure  the  consistency  of 
concrete.  The  Florida  Department  of  Transportation  specified  a  slump 
range  of  0  -  3.5  inches  for  vibrated  placing  of  Class  I,  II,  III,  and  IV 
concrete.  For  non-vibrated  placing,  FOOT  specified  a  slump  range  of  0  - 
6  inches,  3-5  inches,  and  7-9  inches  for  Class  I,  II,  and  III  con- 
crete, respectively.  No  slump  range  is  specified  for  non-vibrated  Class 
IV  concrete. 

4.1.3.2  Air  content  test.  Air  content  test  was  performed  according 
to  ASTM  C173-78.  The  FOOT  specifications  require  that  all  paving  and 
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structural  concrete  should  contain  from  3  to  6  %  of  entrained  air. 

4.1.3.3  Unit  weight  test.  The  unit  weight  test  was  performed  as 
prescribed  in  ASTM  C138-81.  The  test  result  is  used  to  verify  the  com- 
puted density  of  the  concrete  mixes  and  for  quality  control. 
4.1.4  Testing  of  Concrete  Specimens 

The  tests  performed  on  the  hardened  concrete  specimens  are  flexural 
strength,  compressive  strength,  splitting  tensile  strength,  and  length 
change  due  to  temperature  and  moisture.  The  latter  test  has  been  de- 
scribed in  Chapter  3.  The  description  of  the  other  tests  follows. 

4.1.4.1  Flexural  strength  test.  The  test  was  performed  in  accor- 
dance with  the  ASTM  C78-84  [35].  Three  6"  x  6"  x  30"  beam  specimens 
were  used  per  batch  per  curing  condition. 

If  failure  occurs  within  the  middle  third  of  the  beam  span  length, 
the  modulus  of  rupture  was  calculated  as  follows: 

fr="^  (4.1) 

bd2 

where 

fr  =  flexural  strength  or  modulus  of  rupture,  psi , 

P   =  maximum  applied  load,  lbf, 

I      =  span  length,  inches, 

b   =  average  width  of  specimen,  inches, 

d   =  average  depth  of  specimen,  inches. 

The  formula  for  calculating  the  modulus  of  rupture  when  failure  oc- 
curs outside  of  the  middle  third  of  the  span  length  by  not  greater  than 
5%  of  the  span  length  is  as  follows: 


m   3Pa 
bd2 


f-=J  (4.2) 
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where 

a   =  average  distance  between  line  of  fracture  and  the  nearest  sup- 
port measured  on  the  tension  surface  of  the  beam,  inches. 
Test  results  were  discarded  if  failure  occured  outside  the  middle 
third  of  the  span  length  by  more  than  5%   of  the  span  length. 

The  tensile  strength  of  concrete  is  overestimated  by  50  to  100  per- 
cent because  the  flexure  formula  assumes  a  linear  stress-strain  rela- 
tionship in  the  concrete  beam  entire  cross  section  [36].  Mehta  [36] 
pointed  out  that  flexural  strength  test  is  preferred  for  quality  control 
of  concrete  used  for  highway  and  airport  pavements  where  the  concrete  is 
loaded  in  bending. 

4.1.4.2  Compressive  strength  test.  Compressive  strength  tests  were 
performed  according  to  ASTM  Standard  Test  Method  C39-83b  for  Compressive 
Strength  of  Cylindrical  Concrete  Specimens.  Three  6"  x  12"  cylindrical 
specimens  per  batch  per  curing  condition  were  used  for  this  test. 

The  moduli  of  elasticity  of  the  concrete  specimens  were  also  deter- 
mined at  the  conclusion  of  28  and  90  days  moist  curing.  A  compressome- 
ter  was  used  to  measure  the  deformation  of  the  cylindrical  specimen  as 
it  was  loaded  in  compression.  The  ASTM  Standard  Method  C469-83  for 
Static  Modulus  of  Elasticity  and  Poisson's  Ratio  of  Concrete  in  Compres- 
sion was  followed  during  this  test.  The  deformation  at  40  percent  of 
the  average  ultimate  compressive  strength  of  two  concrete  specimens  was 
used  to  calculate  the  modulus  of  elasticity. 

Modulus  of  elasticity  was  computed  as  follows: 


r  _  Stress  lA     . 
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where 

E     =  Modulus  of  elasticity,  psi 
Stress  =  Load/Area 


Load  (lb)     • 

n, — '  PS1 


c4.„,,-„   Actual  deflection  (in.) 
Height  of  specimen  (in.) 


1/2  x  Measured  deflection  (in.) 
6  (in.) 


Measured  deflection  (in.)   .   .. 
=  ry — »  m. /in. 

Essentially,  modulus  of  elasticity  is  the  measure  of  resistance  of 
the  concrete  specimen  to  deformation.  It  is  used  to  determine  the 
stresses  induced  by  strains  caused  by  environmental  effects,  to  calcu- 
late the  design  stresses  under  a  known  load  in  simple  elements,  and  to 
compute  moments  and  deflections  in  complex  structures  [36]. 

Three  methods  are  used  to  compute  static  modulus  of  elasticity 
hence  given  rise  to  three  moduli  known  as  chord  modulus,  secant  modulus, 
and  tangent  modulus. 

The  chord  modulus  is  the  slope  of  a  line  drawn  from  a  point  after 
correction  for  concavity  to  a  point  corresponding  to  40  percent  of  the 
ultimate  load.  Mehta  [36]  recommends  shifting  the  base  line  by  50 
micro-strain  (50  u  in./in.)  to  correct  for  the  slight  concavity  at  the 
beginning  of  the  stress-strain  curve.  This  method  yields  a  lower 
modulus  [37], 
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The  secant  modulus  is  the  slope  of  a  line  drawn  from  the  origin  to 
a  point  on  the  curve  corresponding  to  a  40  percent  stress  of  the  failure 
load.  This  method  was  used  to  compute  modulus  of  elasticity. 

The  secant  modulus  of  elasticity  is  used  in  design  [37]. 

The  tangent  modulus  is  the  slope  of  a  line  drawn  tangent  to  the 
stress-strain  curve  at  any  point  on  the  curve. 

4.1.4.3  Splitting  tensile  strength  test.  The  splitting  tensile 
strength  tests  were  performed  in  accordance  with  ASTM  Standard  Method 
C496-71  for  Splitting  Tensile  Strength  of  Cylindrical  Concrete  Speci- 
mens. Three  4"  x  3"  cylindrical  specimens  were  used  for  this  test. 

The  splitting  tensile  strength  of  the  specimen  was  calculated  as 
follows: 

where 

ft  =  splitting  tensile  strength,  psi 

P  =  maximum  applied  load,  lbf 

l  =  length  of  cylinder,  inches 

d  =  diameter  of  cylinder,  inches 

4.2  Study  of  In-Service  Concrete 
Concrete  samples  from  existing  concrete  pavements  and  structures  in 
Florida  were  obtained  to  study  the  thermal  and  hygroscopic  properties  of 
the  in-service  concrete.  Ten  pavement  (Class  I  concrete),  one  Class  II, 
one  Class  III  and  one  Class  IV  concrete  projects  were  selected  for  this 
study.  Ten  core  samples  (6  inches  diameter)  were  obtained  from  each  of 
these  thirteen  projects.  Of  these  ten  samples,  two  were  evaluated  in 
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the  splitting  tensile  strength  test,  two  were  evaluated  for  their  elas- 
tic moduli  and  compressive  strengths  and  the  other  six  were  sawed  into 
3-inch  square  prisms.  Holes  were  drilled  at  the  two  ends  of  the  pris- 
matic samples  and  contact  points  were  inserted  into  the  holes  and  glued 
to  the  sample  with  epoxy.  These  prismatic  bars  were  conditioned  to  var- 
ious temperature  and  moisture  conditions  and  the  length  changes  were 
measured  at  these  conditions  using  the  procedure  described  in  Chapter  3. 
The  following  temperature  and  moisture  levels  were  used: 

1.  77,  86,  104,  122,  and  140  °F  (25,  30,  40,  50,  and  60°C)  at  oven 
dry  condition. 

2.  77,  86,  104,  122,  and  140  °F  (25,  30,  40,  50,  and  60°C)  at 
saturated  condition. 

3.  77°F  (25°C)  at  three  different  partially  saturated  conditions. 
The  conditioning  procedure  is  similar  to  the  laboratory  specimen. 


CHAPTER  5 
MATERIALS 


This  chapter  presents  the  properties  of  the  Portland  cements, 
aggregates,  and  admixtures  used  in  the  preparation  of  laboratory  test 
specimens  of  this  project. 

5.1  Cements 


The  cement  used  was  a  Type  II  Portland  cement  manufactured  by  Gen- 
eral Portland,  Inc.,  Tampa,  Florida.  The  results  of  physical  and  chemi 
cal  analyses  on  the  cement  was  supplied  by  the  manufacturer  and  are 
listed  in  Tables  5.1  and  5.2. 

5.2  Aggregates 
Three  types  of  coarse  aggregate  were  used.  They  are  a  porous  lime- 
stone (Brooksville  aggregate),  a  dense  limestone  (Calera  aggregate)  and 
a  river  gravel.  One  maximum  aggregate  size  of  3/8  inch  (#89)  was  used. 
Tests  on  these  aggregates  were  performed  for  another  research  study  by 
Tia  et  al .  [38].  Test  results  from  that  study  were  used.  The  physical 
properties  of  the  coarse  aggregates  are  displayed  in  Table  5.3.  The 
gradation  charts  for  the  Brooksville,  river  gravel,  and  Calera  aggre- 
gates are  shown  in  Figures  5.1  through  5.3,  respectively. 
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Table  5.1  Results  of  Physical  Tests  on  Cement  Used  [38]. 


TYPE  II 
CEMENT 


Fineness  by 

Blaine  air  permeability  test,  cm2/g  3970 

Soundness  (autoclave  expansion),  %  -0.01 

Time  of  setting   (Gilmore):    Initial,   hrs:mins  2:45 

Final,     hrs:mins  4:25 

Compressive  Strength:         1  Day,     psi  1990 

3  Days,    psi  3040 

7  Days,   psi  4190 

Air  Entrainment,  %  9.1 
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Table  5.2  Results  of  Chemical  Analyses  on  Cement  Used  [38]. 


Silicon  Dioxide  (S-jC^), 
Aluminum  Oxide  (Al 2^3) » 
Ferric  Oxide  (Fe203), 
Magnesium  Oxide  (MO), 
Sulfur  Trioxide  (SO3), 
Loss  on  Ignition, 
Insoluble  Residue, 
Alkalis  (%Na20+0.658K20), 
Tri calcium  Silicate, 
Di calcium  Silicate, 
Tri calcium  Aluminate, 
Tetracalcium  Alumino  Ferrite,  % 


CEMENT 
TYPE  II 


% 

21.6 

% 

4.5 

% 

4.1 

% 

0.6 

% 

2.9 

% 

0.9 

% 

0.17 

% 

0.36 

% 

54 

% 

21 

% 

4.8 

% 

12.6 
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Table  5.3  Physical  Properties  of  Coarse  Aggregates. 


Coarse 

Agg 

regate 

Property 

Brooksville 

#39 

Calera 

#89 

River 
Grav 

#89 

Bulk  Specific  Gravity 
(SSD) 

2.50 
(2.29)* 

2.70 

2.59 

Absorption   {%) 

2.95 
(5.34)* 

0.4 

1.46 

Unit  Weight   (lb/ft3) 

92.0 
(86.42)* 

96.82 

100.38 

*  Batches  9-12 
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The  fine  aggregate  used  for  all  mixtures  was  a  fine  sand  from  Gold- 
head,  Florida.  The  gradation  of  this  sand  is  depicted  in  Figures  5.4 
and  5.5.  The  physical  properties  of  this  sand  are  as  follows: 

Bulk  specific  gravity  (SSD)   :  2.52  for  batches  1-19 

2.43  for  batches  20-24 
Absorption  :  0.70%  for  batches  1-19 

0.44%  for  batches  20-24 
Fineness  modulus  :  2.25  for  batches  1-19 

2.11  for  batches  20-24 

5.3  Admixtures 


An  admixture,  Mighty  RD-1,  was  used  to  adjust  the  slump  of  the 
fresh  concrete  to  a  target  slump  of  3  inches.  This  admixture  meets 
the  requirements  of  ASTM  C494  Type  G  and  Type  0,  and  is  classified  as  a 
water-reducer  and  retarder. 

A  Darex  air  entraining  admixture  was  used. 

5.4  Epoxy 
A  Sikadur  32,  Hi-Mod,  2-component  (A  &   B),  solvent-free  moisture- 
insensitive  structural  epoxy  adhesive  was  used  to  secure  contact  points 
to  the  field  and  some  laboratory  specimens. 
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CHAPTER  6 
EXPERIMENTAL  DESIGNS  OF  THE  LABORATORY  STUDY 


6.1  Introduction 
One  of  the  principal  objectives  of  this  study  as  stated  in  Chapter 
2  is  to  determine  the  effects  of  mix  parameters  (aggregate  type,  water- 
cement  ratio,  and  cement  content)  and  curing  time  on  the  coefficient  a 
linear  thermal  expansion  of  concrete.  In  addition,  the  effects  of  mix 
parameters  and  curing  time  on  the  compressive  strength,  splitting  ten- 
sile strength,  modulus  of  rupture  and  modulus  of  elasticity  will  be 
studied. 

The  mix  parameters  (main  factors)  and  their  interactions  are  dis- 
played in  Table  6.1. 

Table  4.1  summarizes  the  mix  combinations  for  the  laboratory  stud./. 
Since  the  study  involves  more  than  one  factor,  a  factorial  experiment 
was  used.  A  factorial  experiment  is  referred  to  as  complete  if  combina- 
tion of  all  levels  of  each  factor  with  all  levels  of  every   other  factor 
exists.  However,  certain  impractical  factor  level  combinations  (treat- 
ment combinations)  were  excluded  from  the  study  resulting  in  an  incom- 
plete factorial  experiment.  Statistical  analysis  and  interpretation 
problems  are  created  when  some  combinations  are   missing.  In  this  study, 
a  complete  factorial  experiment  was  precluded  because  of  the  specifica- 
tion requirement  that  a  certain  class  of  concrete  must  be  made  with  a 
certain  amount  of  cement  and  water-cement  ratio.  Treatment  combinations 
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T*ble  6.1     Factors,   Levels,   and   Interactions   for  the  Partial 
Factorial    Experiment. 


Main  Factors 


Levels 


Aggregate  Type  (A) 

BL 

RG 

DL 

Cement  Content  -  lb/cy 
(C) 

508 

564 

558 

752 

Curing  Duration  -  days 
(0) 

28 

90 

Water-Cement  Ratio 
(E) 

0.53 

0.45 

0.38 

0.33 

Two-Factor  Interactions 

A  x  C 

A  x  D 

A  x  E 

C  x  D 

C  x  E 

0  x  E 


Three-Factor  Interactions 

A  x  C  x  0 
A  x  C  x  E 
C  x  D  x  E 


Four-Factor  Interactions 
A  x  C  x  D  x  E 


NOTE: 


BL  =  Brooksville  Limestone 
RG  =  River  Gravel 
DL  =  Dense  Limestone 
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beyond  the  code  stipulated  limits  would  produce  a  concrete  mix  unsuit- 
able for  construction  use. 

In  order  that  we  can  effectively  analyze  the  significance  of  the 
main  effects  and  interactions,  the  partial  factorial  design  as  shown  in 
Table  4.1  is  treated  as  seven  (7)  small  complete  factorial  experiments. 
These  seven  experimental  designs  are   described  in  this  chapter. 

6.2  Design  No.  1 
The  purpose  of  this  design  was  to  study  the  effects  of  aggregate 
type,  water-cement  ratio,  and  curing  duration  on  the  dependent  variables 
which  are  compressive  strength,  splitting  tensile  strength,  modulus  of 
rupture,  modulus  of  elasticity,  and  the  coefficient  of  linear  thermal 
expansion  of  the  laboratory  study.  This  design  disregards  the  differ- 
ence in  the  cement  content  of  the  batches.  The  main  factors  and  their 
levels  under  study  are 

Factor  A:  -  Aggregate  type 

Level  1.  Brooksville  limestone 

Level  2.  River  gravel 

Level  3.  Dense  limestone 
Factor  D:  -  Curing  duration 

Level  1.  28-day 

Level  2.  90-day 
Factor  E:  -  Water-Cement  ratio 

Level  1.  0.53 

Level  2.  0.45 

Level  3.  0.33 
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Table  6.2  displays  the  experimental  design.  Each  batch  is  repli- 
cated twice. 

6.3  Design  No.  2 
At  a  fixed  cement  content  of  508  lb.  per  cubic  yard  and  water- 
cement  ratio  of  0.53,  the  effects  of  aggregate  type  (3  levels)  and 
curing  duration  (2  levels)  on  dependent  variables  such  as  compressive 
strength,  splitting  tensile  strength,  modulus  of  rupture,  modulus  of 
elasticity,  and  coefficient  of  linear  thermal  expansion  are  studied. 
The  main  factors  and  their  levels  are 

Factor  A:  -  Aggregate  type 

Level  1.  Brooksville  limestone 

Level  2.  River  gravel 

Level  3.  Dense  limestone 

Factor  D:  -  Curing  duration 

Level  1.  28-day 

Level  2.  90-day 

The  experimental  design  is  shown  in  Table  6.3.  There  are  two 
replicate  batches  for  each  mix  design. 

6.4  Design  No.  3 
In  this  of  experiment,  the  main  factors  are  the  same  as  in  Design 
No.  2  with  the  exception  that  the  fixed  cement  content  and  water-cement 
ratio  are  564  lb/cu.yd.  and  0.45,  respectively.  The  design  is  presented 
in  Table  6.4. 
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Table  6.2     Design  for  Test  on  Effects  of  Aggregate  Type, 

W/C  Ratio  at  Variable  Cement  Content,  and  Curing 
Duration   (Design  No.   1). 


0.53  0.45  0.33 

508  Ib/cy  564  Ib/cy  752  Ib/cy 

28-day     90-day     28-day     90-day     28-day     90-day 


Brooksville  Limestone 


River  Gravel 


Dense  Limestone 


X  =  Two  replicate  batches  per  cell. 
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Table  6.3   Design  for  test  on  effects  of  aggregate  type  and 
curing  duration  at  W/C  of  0.53  and  cement  content 
of  508  lb/cy  (Design  No.  2). 


Aggregate  Jype  Uurat 

ion 

28- 
Day 

90- 
Day 

Brooks ville 
Limestone 

X 

X 

River 
Gravel 

X 

X 

Dense 
Limestone 

X 

X 

Note:  X  =  Two  replicate  batches  per  cell. 
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Table  6.4   Design  for  test  on  effects  of  aggregate  type  and 
curing  duration  at  W/C  of  0.45  and  cement  content 
of  564  Ib/cy  (Design  No.  3). 


,Curin9  Duration 
Aggregate  Jype 

28- 
Day 

90- 
Day 

Brooksville 
Limestone 

X 

X 

River 
Gravel 

X 

X 

Dense 
Limestone 

X 

X 

Note:  X  =  Two  replicate  batches  per  cell. 
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6.5  Design  No.  4 

Design  No.  4  is  similar  to  Design  No.  2  except  that  the  fixed  ce- 
ment content  and  water-cement  ratio  are  respectively,  752  lb/cu.yd.  and 
0.33.  Table  6.5  shows  the  experimental  design. 

6.6  Design  No.  5 

In  this  design,  the  effects  of  the  cement  content  and  curing  dura- 
tion on  the  compressive  strength,  splitting  tensile  strength,  modulus  of 
rupture,  modulus  of  elasticity,  and  coefficient  of  linear  thermal  expan- 
sion was  studied  at  fixed  water-cement  ratio  and  aggregate  type.  The 
design  is  presented  in  Table  6.6.  The  factors  and  their  levels  are 

Factor  C:  -  Cement  content 

Level  1.  508  lb/cu.yd. 

Level  2.  564  lb/cu.yd. 

Factor  D:  -  Curing  duration 

Level  1.  28-day 

Level  2.  90-day 

Each  mix  design  was  duplicated  twice. 

6.7  Design  No.  6 

This  design  is  similar  to  that  of  No.  5  except  for  the  difference 
that  the  water-cement  ratio  is  fixed  at  0.45.  The  design  is  given  in 
Table  6.7. 
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Table  6.5  Design  for  test  on  effects  of  aggregate  type  and 
curing  duration  at  W/C  of  0.33  and  cement  conte- 
of  752  Ib/cy  (Design  No.  4). 


Curing  n..r,tinn     28-     90- 
Aggregate  Jype  Duration     Qay     Qay 

Brooksville 
Limestone 


River 
Gravel 


Dense 
Limestone 


Note:  X  =  Two  replicate  batches  per  cell. 
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Table  6.6   Design  for  test  on  effects  of  cement  content  and 
curing  duration  given  W/C  of  0.53  and  Brooksville 
limestone  (Design  No.  5). 


Cement   Cunn9  28-     90- 

Content    Nation      D%  *> 

(lb/cy) 


508 


564 


Note:  X  =  Two  replicate  batches  per  cell. 
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Table  6.7   Design  for  test  on  effects  of  cement  content  and 
curing  duration  given  W/C  of  0.45  and  Brooksville 
limestone  (Design  No.  6). 


Cement   CuriTrat,nn      28-     90- 
Content    Durat1on      Day     Day 


(lb/cy) 

564 

X 

X 

658 

X 

X 

Note:  X  =  Two  replicate  batches  per  cell. 
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6.8  Design  No.  7 
Design  No.  7  dealt  with  the  effects  of  water-cement  ratio  and 
curing  duration  of  Brooksville  limestone  at  cement  content  of  658 
lb/cu.yd.  on  the  compressive  strength,  splitting  tensile  strength,  mod- 
ulus of  ruptue,  modulus  of  elasticity,  and  coefficient  of  linear  thermal 
expansion.  Table  6.8  displays  the  design.  The  main  factors  and  their 
levels  are 
Factor  D:  -  Curing  duration 

Level  1.  28-day 

Level  2.  90-day 
Factor  E:  -  Water-cement  ratio 

Level  1.  0.45 

Level  2.  0.38 

There  are  two  replicate  batches  per  mix  design. 
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Table  6.8  Design  for  Test  on  Effects  of  W/C  Ratio  and  Curing 
Duration  Given  Brooksville  Limestone  and  Cement 
Content  of  658  Ib/cy  (Design  No.  7). 


W/C 

Curing 

Duration 

28- 
Day 

90- 
Day 

0.45 

X 

X 

0.38 

X 

X 

Note:  X  =  Two  replicate  batches  per  cell. 


CHAPTER  7 
COMPRESSIVE  STRENGTH  OF  LABORATORY  CONCRETE  SPECIMENS 


7.1  Introduction 


The  compressive  strength  of  concrete  is  dependent  on  a  myriad  of 
factors,  among  which  are  water-cement  ratio,  aggregate,  and  curing  dur 
tion.  This  chapter  presents  the  compressive  strength  results  and  the 
results  of  statistical  analyses  performed.  The  analyses  includes  analy- 
sis of  variance  (ANOVA)  and  Duncan's  multiple  range  test. 

7.2  Experimental  Results 

Table  7.1  summarizes  the  results  of  the  compressive  strength  test 
on  hardened  concrete  for  each  of  the  experimental  designs. 

7.3  Analysis  of  Results 

7.3.1  ANOVA  Models 



7.3.1.1  Design  No.  1.  The  test  results  for  Design  No.  1,  which 
the  combined  test  results  of  Designs  2  through  4,  as  tabulated  in  Table 
7.1  were  analyzed  as  a  full  factorial  experiment  using  the  following 
linear  model : 

Yijklm  =  m  +  Ai  +  E.  +  (AE),..  ♦  B(1J)|{  +  6(ijk)  +  D,  ♦  (AD)n 

♦MEDJj!  ♦  (AED)tjl  ♦  (BD)(ij)kl  +e(1jkl)m     (7.1) 

1  =  1,2,3;  j  =  1,2,3;  k  =  1,2;  1  =  1,2;  m  =  1,2,3 
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where 


Yiiklm   =  resP°nse  variable  of  the  mtn  specimen  of  the  1th  level  of 

curing  duration,  ktn  batch,  jtn  level  of  water-cement 

ratio,  and  ith  level  of  aggregate  type, 
u    =  overall  mean. 

Ai     =  effect  of  the  itn  level  of  aggregate  type. 
Ej    =  effect  of  the  jtn  level  of  water-cement  ratio. 
(AE)jj   =  effect  of  the  interaction  of  the  ith  aggregate  type  and 

the  jtn  water-cement  ratio. 
B(ij)|<   =  effect  of  the  kth  batch  nested  under  the  itn  aggregate 

type  and  jth  water-cement  ratio, 
^(iik)   =  restriction  error  caused  by  subjecting  samples  from  the 
same  batch  to  various  different  curing  conditions. 
D-]    =  effect  of  the  1th  curing  duration. 
( AD ) -,- -|   =  effect  of  the  interaction  of  the  itn  aggregate  type  with 

the  1th  curing  duration. 
(ED)ji   =  effect  of  the  interaction  of  the  jth  water-cement  ratio 
with  the  1th  curing  duration. 
(AED).jji  =  effect  of  the  interaction  of  the  ltn  curing  duration,  jth 
water-cement  ratio,  and  itn  aggregate  type. 
(BD) ( i j )kl  =  effect  of  the  interaction  of  the  ltn  curing  duration  with 

the  kth  batch. 
e(iikl)m  =  effect  of  tne  m       random  error  within  the  1th  curing  dura- 
tion, ktn  batch,  jtn  water-cement  ratio,  and  i^  aggregate 
type. 
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7.3.1.2  Design  Nos.  2-4.  ANOVAs  were  performed  on  the  test  re- 
sults from  Design  Nos.  2  through  4  using  the  following  linear  model: 

Yijkl  "  »+Ai  +B(i)j  +  «(ij)  *Dk 

+  (AD)ik  +  (BD)(i)jk  +  £(ijk)1  (7.2) 

i  =  1,2,3;  j  =  1,2;  k  =  1,2;  1  =  1,2,3 

where 

Yijkl   s  response  variable  of  the  1th  specimen  of  the  ktn  level  of 
curing  duration,  itn  level  of  aggregate  type,  and  jth 
batch, 
u     =  overal  mean. 

A^    =  effect  of  the  itn  level  of  aggregate  type. 
B(i)j   =  effect  of  jth  batch  nested  under  ith  level  of  aggregate 

type. 
Dj,,    =  effect  of  the  kth  curing  duration. 
(AD)ik   =  effect  of  the  interaction  of  the  ith  aggregate  type 


and 


the  kth  curing  duration. 


(BD)^-jjk  =  effect  of  the  interaction  of  the  jth  batch  and  the  kth 
curing  duration. 
6/jjN   =  restriction  error  due  to  the  fact  that  samples  from  the 
same  batch  are  subjected  to  various  different  curing 
conditions. 
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e(iik)1  =  effect  °f  tne  '   random  error  with  the  (ijk)tn  experi- 
mental unit,  assumed  NID  (o,  a2). 

7.3.1.3  Design  Nos.  5  &  6.  The  following  statistical  linear  model 
was  used  for  ANOVAs  on  the  test  results  from  designs  5  and  6: 

Yijkl  =  n+Ci  +8(i)j  +  «(ij)  +Dk  +CDik 

+BD(i)jk  +  «(ljk)l  (?-3) 

i  =  1,2;  j  =  1,2;  k  =  1,2;  1  =  1,2,3 

where 

Yijkl   =  response  variable  of  the  1th  specimen  of  the  kth  level  of 
curing  duration,  ith  level  of  cement  content,  and  jth 
batch, 
u    =  overall  mean. 
C,-    =  effect  of  the  ith  level  of  cement  content. 
B^jj   =  effect  of  the  jth  batch  nested  under  itn  level  of  ceme 

content. 
D^    =  effect  of  the  ktn  level  of  curing  duration. 
CDik    =  effect  of  the  interaction  of  the  ith  level  of  cement 
content  and  the  kth  level  of  curing  duration. 

BD(i)jk  =  effect  of  the  interaction  of  the  jth  batch  and  the  kth 
level  of  curing  duration. 

<5(ij\     =     ( i J )"*"     restriction  error. 
e(iik)l     =     ranc'om  error. 
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7.3.1.4  Design  No. 7.  The  test  results  for  this  design,  which 
studied  the  effects  of  water-cement  ratio  and  curing  duration  given 
Brooksville  limestone  and  cement  content  of  658  lb/cy,  were  analyzed  as 
full  factorial  experiments  using  the  following  linear  statistical  model: 

Yijkl  =  ^+Ei  +3(i)j  +  «(1j)  +\   +  (ED)ik 

+  (80>(i)jk  +  «(1Jk)1  (7.4) 

i  =  1,2;  j  =  1,2;  k  =  1,2;  1  =  1,2,3 

where 

Yijkl  =  response  variable  of  the  1th  experimental  specimen  of  the 
ktn  curing  duration,  jth  batch,  and  ith  water-cement 
ratio, 
u   =  overall  mean. 
Ej    »  effect  of  the  ith  water-cement  ratio. 
B(-|  jj  =  effect  of  the  jth  batch  of  the  itn  water-cement  ratio. 
6/-J,-)  -     restriction  error. 
D|<    =  effect  of  the  ktn  curing  duration. 
(ED)ik  =  effect  of  the  interaction  of  the  ith  water-cement  ratio 
with  the  ktn  curing  duration. 
(BD)(i)jk  =  effect  of  the  interaction  of  the  jtn  batch  with  the  ktn 
curing  duration. 

e(ijk)l  =  effect  of  the  1th  random  error  of  the  (ijk)tn  experimental 
unit. 
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7.3.2  Statistical  Methods  of  Data  Analysis 

7.3.2.1  Analysis  of  variance.  The  response  variables  were  ana- 
lyzed by  a  statistical  method  termed  Analysis  of  Variance  (ANOVA).  The 
method  was  developed  and  introduced  in  1924  by  an  English  statistician 
named  Sir  Ronald  A.  Fisher  (1890-1962).  One  of  the  uses  of  the  ANOVA 
method  is  to  determine  the  significance  of  the  effects  of  the  controlled 
independent  variables  (or  treatments)  to  the  response  variables. 

The  SAS/STAT   software  developed  by  the  SAS  Institute  Inc.  was 
used  to  perform  the  analyses. 

Two  commonly  used  general  purpose  procedures  offered  by  the  SAS 
System  for  analysis  of  variance  are  PROC  ANOVA  and  PROC  GLM.  The  acro- 
nym GLM  stands  for  General  Linear  Models  and  PROC  is  a  truncation  of  the 
word  procedure.  PROC  ANOVA  is  used  only  for  balanced  or  orthogonal  de- 
signs while  PROC  GLM  is  used  for  balanced  as  well  as  unbalanced  designs. 
For  specialized  types  of  analyses,  procedures  such  as  PROC  NESTED  and 
PROC  VARCOMP  can  be  used.  A  balanced  design  is  one  with  an  equal  number 
of  observations  in  each  cell. 

The  analysis  of  variance  procedure  partitions  the  total  variation 
among  observations  into  components  associated  with  a  source  of  varia- 
tion. The  mean  square  (or  variance)  of  a  source  of  variation  is  divided 
by  the  variation  among  units  treated  alike  (experimental  error)  to  ob- 
tain an  F  statistic  used  to  test  the  significance  of  the  difference 
among  the  means  for  the  particular  source  of  variation. 

To  construct  appropriate  test  statistics,  the  expected  mean  squares 
[EMS]  must  be  determined.  The  expected  mean  square  algorithm  for  Design 
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No.  1,  Design  Nos.  2-4,  Design  Nos.  5  &  6,  and  Design  No.  7  are  pre- 
sented in  Tables  7.2  through  7.5,  respectively. 

Anderson  and  McLean  [39]  discussed  succinctly  the  determination  of 
the  expected  mean  square  algorithm. 

An  important  result  of  an  ANOVA  is  the  P-value.  It  is  an  indica- 
tion of  the  probability  of  error  of  the  statement  that  a  factor  has  a 
significant  effect  on  the  measured  parameter.  A  lower  P-value  for  a 
factor  means  that  such  factor  has  a  higher  level  of  significance.  Com- 
monly used  standard  critical  P-values  are  0.05  and  0.01.  Factors  such 
as  cost  and  importance  of  the  experiment  should  be  carefully  considered 
prior  to  the  decision  as  to  which  P-value  is  to  be  used.  Such  decision 
is  made  in  advance  of  the  calculations.  A  probability  of  error  (a) 
level  of  0.05  was  used.  A  factor  is  considered  to  be  significant  if  t^ 
P-value  of  the  factor  is  equal  to  or  less  than  0.05.  The  term  "sigm. 
cant"  as  used  here  means  "beyond  the  likelihood  of  chance".  If  the  hy- 
pothesis that  an  effect  is  not  present  is  rejected,  the  effect  is  con- 
sidered significant.  It  should  be  noted  that  a  statistical  significance 
may  not  necessarily  mean  a  practical  significance  or  importance. 

Prior  to  performing  analysis  of  variance,  the  data  was  screened  vi- 
sually by  scanning  and  printing  of  the  high  and  low  values  of  the  data. 
The  purpose  is  to  locate  and  remove  outliers  which  are  observations  re- 
moved from  others.  The  presence  of  outliers  cause  the  data  to  depart 
from  the  basic  assumptions  of  ANOVA  which  are  normal  distribution,  equal 
variances,  and  independent  random  samples.  An  assumption  of  indepen- 
dence among  observations  is  satisfied  because  measurements  were  taken  in 
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a  random  order.  The  randomization  of  testing  order  distributes  more 
evenly  effects  of  uncontrolled  factors  such  as  learning  curve  of  the  ex- 
perimeter,  physical  changes  in  the  equipment  such  as  wear,  to  mention 
but  just  two. 

Burr-Foster  Q-test  was  used  to  check  the  assumption  of  homogeneity 
of  variance  [39].  If  the  calculated  Q  value  is  less  than  critical  Q 
value  at  a  =  0.01  level,  the  hypothesis  of  homogeneity  of  variance  is 
accepted.  Conversely,  if  the  homogeneity  test  is  rejected  at  a  =   0.001 
level,  a  suitable  transformation  of  the  data  is  made  before  running  th 
analysis  of  variance.  A  transformation  equalizes  the  variance  regard- 
less of  the  mean  value.  If  AN0VA  is  performed  on  the  transformed  data, 
conclusions  from  the  analysis  of  variance  apply  directly  to  the  trans- 
formed populations.  The  results  of  the  Burr-Foster  Q-test  indicated  no 
deviations  from  the  assumptions. 

7.3.2.2  Duncan's  multiple  range  test.  The  rejection  of  the  null 
hypothesis  after  running  AN0VA  only  tells  us  that  at  least  one  pair  of 
group  means  are  unequal.  In  order  to  determine  specifically  which  pair 
or  pairs  of  means  are  unequal,  multiple  comparison  of  means  was  per- 
formed. The  Duncan's  multiple  range  test  was  used  in  treatment  means 
comparison.  Although  there  are  numerous  tests  for  comparing  pairs  of 
treatment  means,  (e.g.,  Least  Significant  Difference,  Newman-Keuls, 
Tukey's,  to  mention  just  a  few),  only  Duncan's  test  was  used  because  of 
its  ability  to  detect  differences  between  means  when  such  differences 
occur  in  actuality.  The  Duncan's  test  was  performed  using  SAS/STAT 
software  at  a  significance  level  of  0.05. 
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The  use  of  Duncan's  multiple  range  test  to  compare  the  levels  of 
one  factor  is  only  recommended  when  there  is  no  interaction  of  the  fac- 
tor with  another  factor  because  of  averaging  over  the  levels  of  the  sec- 
ond factor.  When  there  is  say  A  x  B  interaction,  the  levels  of  factor  A 
was  compared  for  each  level  of  factor  B  and  vice  versa. 

7.3.2.3  Regression  analysis.  The  third  and  last  statistical  meth- 
od used  in  the  analysis  of  the  test  results  is  the  regression  analysis 
or  curve  fitting.  The  prime  purpose  of  applying  regression  analysis  tc 
the  test  results  is  to  develop  a  mathematical  relationship  between  the 
dependent  and  independent  variables,  which  can  be  used  to  predict  the 
response  variable. 
7.3.3  Results  of  Experimental  Design  No.l 

ANOVA  using  SAS/STAT  software  was  performed  on  the  test  results 
from  Design  No.  1,  which  studied  the  effects  of  aggregate  type,  water- 
cement  ratio,  and  curing  duration  on  the  compressive  strength  of  the 
concrete.  In  this  design,  the  cement  content  was  assumed  not  to  have 
any  effect  on  the  dependent  variable.  The  results  obtained  are  sum- 
marized in  Table  7.6.  A  probability  of  error  level  of  0.05  was  used. 
All  the  main  effects  are  highly  significant  since  their  P-values  are 
less  than  0.01.  Only  the  interaction  of  water-cement  ratio  with  curing 
duration  is  significant. 

A  comparison  of  means  of  aggregate  type,  water-cement  ratio,  and 
curing  duration  was  performed  using  Duncan's  multiple  range  test  at  a 
significance  of  0.05.  The  results  are  summarized  in  Tables  7.7  through 
7.9. 
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Table  7.6   Results  of  ANOVA  on  Data  from  Compressive  Strength  Test 
in  Design  No.  1 


Source  of 
Variation 

df 

SS 

MS 

F 

P 

A 

2 

36014801 

18007401 

14.31 

0.0016* 

E 

2 

277920427 

138960214 

110.42 

0.0001* 

At 

4 

1559522 

389881 

0.31 

0.8644 

B(A*E) 

9 

11326452 

1258495 

- 

- 

D 

1 

3541281 

8541281 

133.76 

0.0001** 

AD 

2 

54566 

27283 

0.43 

0.6649 

ED 

2 

1277740 

638870 

10.00 

0.0052** 

AED 

4 

658492 

16423 

2.58 

0.1096 

BD(A*E) 

9 

574709 

63857 

0.84 

0.5840 

e 

72 

5488459 

75229 

- 

- 

R-Square  =  0.984018 

**  Significant  at  «  =  0.01  level 
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Table  7.7   Grouping  of  Aggregate  Type  by  Means  of  Compressive 

Strength  of  Concrete  from  Duncan's  Test  [Design  No.  1] 

Alpha  =  0.05    DF  =  9    MSE  =  1258495 

Aggregate  Mean  Grouping* 

Dense  Limestone  6824.2        A 

Brooksville  Limestone  5655.3        B 

River  Gravel  5549.9        B 

*  Note:  Means  with  the  same  letter  are  not  significantly 
different. 
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Table  7.8   Grouping  of  Water-Cement  Ratio  by  Means  of  Compressive 
Strength  of  Concrete  from  Duncan's  Test  [Design  No.  1] 

Duration  =  28-day:  Alpha  =   0.05    DF  =  9    MSE  =  491897 
Duration  =  90-day:  Alpha  =  0.05    DF  =  9    MSE  =  830455 


Moist  Curing 

Wat 

er-Cement 

Duration 

Ratio 

Mean 
7564.4 

Grouping* 
A 

28  -  day 

0.33 

0.45 

5787.2 

B 

0.53 

3834.1 

C 

90  -  day 

0.33 

8427.9 

A 

0.45 

6144.3 

3 

0.53 

4300.9 

C 

Note:  Means  with  the  same  letter  are  not  significantly 
different. 
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Table  7.9  Grouping  of  Curing  Duration  by  Means  of  Compressive 

Strength  of  Concrete  from  Duncan's  Test  [Design  No.  1] 

W/C  =  0.33:  Alpha  =  0.05    DF  =  6    MSE  =  348056 

W/C  =  0.45:  Alpha  =  0.05    DF  =  6    MSE  =  206202 

W/C  =  0.53:  Alpha  =  0.05    DF  =  6    MSE  =  1429268 

W/C     Curing  Duration      Mean     Grouping* 


0.33 

90-day 

8427.9 

A 

28-day 

7564.4 

B 

0.45 

90-day 

6144.3 

A 

28-day 

5787.2 

A 

0.53 

90-day 

4300.9 

A 

28-day 

3834.1 

A 

*  Note:  Means  with  the  same  letter  for  a  given  W/C 
are  not  significantly  different. 
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According  to  Table  7.7,  which  grouped  aggregate  type  by  means  of 
compressive  strength  of  concrete,  Brooksville  limestone  and  river  gravel 
are  not  significantly  different.  However,  both  aggregates  are  signifi- 
cantly different  from  dense  limestone. 

Table  7.8  grouped  water-cement  ratio  using  compressive  strength 
means.  All  three  water-cement  ratio  are  significantly  different. 

The  two  curing  durations  are  significantly  different  from  one  an- 
other at  the  W/C  ratio  of  0.33,  but  are  not  significantly  different  at 
W/C  ratios  of  0.45  and  0.53,  as  presented  in  Table  7.9. 

7.3.4  Results  of  Experimental  Design  No.  2 

Table  7.10  displays  the  results  of  ANOVA  on  the  compressive 
strength  of  the  concrete  in  Design  No.  2,  which  studied  the  effects  of 
aggregate  type  and  curing  duration  at  a  fixed  W/C  ratio  of  0.53.  The 
effect  of  the  curing  duration  is  significant  while  the  effect  of  aggr 
gate  type  is  not  significant.  It  is  as  expected  that  prolonged  moist 
curing  of  concrete  will  give  the  concrete  more  time  to  hydrate  and  hence 
increase  in  strength  will  result. 

A  comparison  of  the  effect  of  aggregate  type  on  compressive 
strength  was  further  examined  by  performing  the  Duncan's  multiple  range 
test.  The  Duncan's  test  results  are  summarized  in  Table  7.11.  The  ef- 
fects of  the  three  aggregates  on  the  compressive  strength  are  not  sig- 
nificantly different. 

7.3.5  Results  of  Experimental  Design  No.  3. 

Table  7.12  displays  the  results  of  ANOVA  on  the  test  results  from 
Design  No.  3,  which  investigated  the  effects  of  aggregate  type  and 
curing  duration  at  a  fixed  W/C  ratio  of  0.45.  At  this  water-cement 
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Table  7.10  Results  of  ANOVA  on  Data  from  Compressive  Strength  Test 
in  Design  No.  2 


Source  of 

Variation 

df 

SS 

MS 

F 

P 

A 

2 

7774855 

3887428 

1.39 

0.3741 

8(A) 

3 

8395596 

2798532 

- 

- 

D 

1 

1960933 

1960933 

32.68 

0.0106* 

AD 

2 

263428 

131714 

2.20 

0.2586 

BD(A) 

3 

180013 

60004 

1.35 

0.2817 

£ 

24 

1066397 

44433 

- 

- 

R-Square  =  0.945706 

*     Significant  at   <*  =  0.05  level. 
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Table  7,11  Grouping  of  Aggregate  Type  by  Means  of  Compressive 

Strength  of  Concrete  from  Duncan's  Test  [Design  No.  2] 


Alpha  =  0.05    DF  =  3    MSE  =  2798532 

Aggregate  Mean     Grouping* 

Dense  Limestone  4715.8        A 

Brooksville  Limestone  3837.1        A 

River  Gravel  3649.7        A 


*  Note:  Means  with  the  same  letter  are  not  significantly 
different. 
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Table  7.12     Results  of  ANOVA  on  Data  From  Compressive  Strength  Test 
in  Design  No.   3 


Source  of 
Variation 

df 

SS 

MS 

F 

P 

A 

2 

12063416 

6031708 

19.24 

0.0194* 

B(A) 

3 

940398 

313466 

- 

- 

D 

1 

1147398 

1147398 

11.60 

0.0423* 

AD 

2 

80131 

40066 

0.40 

0.6987 

BD(A) 

3 

296817 

98939 

1.20 

0.3310 

£ 

24 

1978931 

32455 

- 

- 

R-Square  =  0.880116 

*     Significant  at  «=  0.05  level 
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ratio,  the  effects  of  both  the  aggregate  type  and  curing  duration  are 
significant  while  the  interaction  effects  are  not  significant. 

The  Duncan's  multiple  range  test  was  performed  at  a  significance 
level  of  0.05  using  SAS/STAT  software.  The  results  of  the  Duncan's  test 
are  presented  in  Table  7.13.  There  is  no  significant  difference  between 
Brooksville  limestone  and  river  gravel.  However,  both  Brooksville  lime- 
stone and  river  gravel  are  significantly  different  from  the  dense  lime- 
stone. 

7.3.6  Results  of  Experimental  Design  No.  4 

The  ANOVA  results  for  Design  No.  4,  which  investigated  the  same  two 
factors  as  Design  Nos.  2  and  3  but  at  a  fixed  W/C  ratio  of  0.33,  are 
presented  in  Table  7.14.  Both  the  effects  of  aggregate  type  and  curing 
duration  are  significant,  while  the  interaction  effects  are  not  signi- 
ficant. 

The  Duncan's  multiple  range  test  was  conducted  to  determine  which 
pair  or  pairs  of  aggregate  type  means  are  unequal.  Table  7.15  shows  the 
results  of  the  Duncan's  test.  The  results  concur  with  those  of  Design 
No.  3  that  there  is  no  significant  difference  between  Brooksville  lime- 
stone and  river  gravel  which  are  significantly  different  from  the  den 
limestone. 

7.3.7  Results  of  Experimental  Design  No.  5 

The  results  of  ANOVA  on  the  compressive  strength  of  the  concrete  in 
Design  No.  5,  which  examined  the  effects  of  cement  content  and  curing 
duration  at  a  fixed  W/C  ratio  of  0.53,  are   summarized  in  Table  7.16. 
The  results  connote  that  the  effect  of  curing  duration  is  significant 
while  the  other  factors  are  not. 
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Table  7.13  Grouping  of  Aggregate  Type  by  Means  of  Compressive 

Strength  of  Concrete  from  Duncan's  Test  [Design  No.  3] 


Alpha  =  0.05    DF  =  3    MSE  =  313466 


Aggregate 
Dense  Limestone 

Mean 
6770.8 

Grouping* 
A 

Brooksville  Limestone 

5691.8 

B 

River  Gravel 

5434.7 

S 

Note:  Means  with  the  same  letter  are  not  significantly 
different. 
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Table  7.14  Results  of  ANOVA  on  Data  from  Compressive  Strength  Test 
in  Design  No.  4 


Source  of 
Variation 


A 
B(A) 


df 


2 

3 


SS 


MS 


17736052 
1990458 


8868026 
663486 


R-Square  =  0.916752 
*     Significant  at  <*  =  0.05  level. 
**     Significant  at   «  =  0.01  level. 


13.37       0.0321* 


D 

1 

6710690 

6710690 

205.68 

0.0007** 

AD 

2 

369499 

184749 

5.66 

0.0953 

BD(A) 

3 

97879 

32626 

0.32 

0.8104 

E 

24 

2443131 

101797 

- 

- 
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Table  7.15  Grouping  of  Aggregate  Type  by  Means  of  Compressive 

Strength  of  Concrete  from  Duncan's  Test  [Design  No.  4] 

Alpha  =  0.05    DF  =  3    MSE  =  663486 

Aggregate  Mean     Grouping* 

Dense  Limestone  8986.0  A 
Brooksville  Limestone  7565.5  B 
River  Gravel  7436.9        B 


• 


Note:  Means  with  the  same  letter  are  not  significantly 
different. 
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Table  7.16  Results  of  ANOVA  on  Data  from  Compressive  Strength  Test 
in  Design  No.  5 


Source  of 
Variation 


df 


SS 


MS 


c 

1 

602300 

602300 

0.37 

0.6071 

B(C) 

2 

3299801 

1649900 

- 

- 

D 

1 

1660056 

1660055 

18.61 

0.0498* 

CD 

1 

152642 

152642 

1.71 

0.3210 

BD(C) 

2 

178441 

89221 

2.99 

0.0791 

£ 

16 

478223 

29889 

- 

- 

R-Square  =  0.924943 

*  Significant  at  <*  =  0.05  level 
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7.3.8  Results  of  Experimental  Design  No.  6 

Table  7.17  displays  the  ANOVA  results  for  Design  No.  6,  which  dealt 
with  the  effects  of  cement  content  and  curing  duration  at  a  fixed  W/C 
ratio  of  0.45.  The  finding  that  the  effect  of  cement  content  is  not 
significant  is  in  agreement  with  that  of  Design  No.  5.  However,  curing 
duration  is  not  significant  at  0.05  alpha  level  but  is  significant  at 
the  0.10  level. 

7.3.9  Results  of  Experimental  Design  No.  7 

ANOVA  was  performed  on  test  results  of  Design  No.  7,  which  studied 
the  effects  of  water-cement  ratio  and  curing  duration  given  Brooksville 
limestone  and  cement  content  of  658  lb/cy,  using  SAS/STAT  software.  The 
results  of  the  ANOVA  are  summarized  in  Table  7.18. 

7.3.10  Graphical  Presentation  of  Means 

The  means  of  the  compressive  strength  test  results  have  already 
been  presented  in  Table  7.1.  The  relationship  of  the  water-cement  ratio 
and  moist  curing  duration  on  the  concrete  compressive  strength  for  each 
of  the  aggregate  types  are  depicted  in  Figures  7.1  through  7.3. 

The  aggregate  type-compressive  strength  relationship  for  water- 
cement  ratios  0.33,  0.45,  and  0.53  are  presented  in  Figures  7.4  through 
7.6. 

7.4  Summary  of  Findings 
The  main  findings  from  the  results  of  the  compressive  strength  test 
are  epitomized  as  follows: 

1.  The  aggregate  type  has  some  effects  on  the  compressive  strength 
of  hardened  concrete.  At  W/C  ratios  of  0.33  and  0.45,  Brooks- 
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Table  7.17  Results  of  ANOVA  on  Data  from  Compressive  Strength  Test 
in  Design  No.  6 


Source  of 
Variation 


df 


SS 


MS 


c 

1 

713115 

713115 

1.55 

0.3387 

6(C) 

2 

917332 

458665 

- 

- 

D 

1 

1085025 

1085025 

8.84 

0.0970 

CD 

1 

237805 

237805 

1.94 

0.2986 

BD(C) 

2 

245617 

122809 

1.51 

0.2512 

E 

15 

1303148 

81447 

- 

- 

R-Square  =  0.710543 
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Table  7.18  Results  of  ANOVA  on  Data  from  Compressive  Strength  Test 
in  Design  No.  7 


Source  of 
Variation 

df 

SS 

MS 

F 

P 

E 

1 

6387048 

6387048 

15.30 

0.0596 

8(E) 

2 

835145 

417573 

- 

- 

0 

1 

2553885 

2553885 

45.25 

0.0214* 

ED 

1 

4732 

4732 

0.08 

0.7994 

B0(E) 

2 

112887 

56444 

0.43 

0.6570 

e 

16 

2093790 

130862 

- 

- 

R-Square  =  0.825335 

*  Significant  at  «  =  0.05  level. 
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Figure  7.1  Influence  of  Water/Cement  Ratio  and  Moist  Curing  Dura- 
tion on  Concrete  Strength  Using  Brooksville  Limestone 
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Figure  7.2  Influence  of  Water/Cement  Ratio  and  Moist  Curing  Dura- 
tion on  Concrete  Strength  Using  Dense  Limestone 
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Figure  7.3  Influence  of  Water/Cement  Ratio  and  Moist  Curing  Dura- 
tion on  Concrete  Strength  Using  River  Gravel 
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Figure  7.4  Influence  of  Aggregate  Type  and  Moist  Curing  Duration  on 
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ville  limestone  and  river  gravel  are  not  significantly  different 
from  each  other,  but  both  produce  strengths  which  are  signifi- 
cantly lower  than  those  by  the  dense  limestone.  At  a  W/C  of 
0.53,  the  three  aggregates  are  not  significantly  different  from 
one  another. 

2.  The  compressive  strength  of  hardened  concrete  increases  with  a 
decrease  in  the  water-cement  ratio. 

3.  The  compressive  strength  increases  with  the  age  of  concrete. 
For  a  28-day  moist-cured  concrete,  the  compressive  strength 
varies  from  about  84%  to  96%  of  that  of  90-day  moist-cured  con- 
crete. 


CHAPTER  8 
SPLITTING  TENSILE  STRENGTH  OF  LABORATORY  CONCRETE  SPECIMENS 


8.1  Introduction 


The  knowledge  of  tensile  strength  of  concrete  is  very  important  in 
concrete  pavement  design  because  failure  of  concrete  pavements  is  caused 
primarily  by  flexural  stresses.  Factors  affecting  the  flexural  strength 
of  concrete  are  mortar  strength  and  the  bond  between  the  coarse  aggre- 
gate and  the  mortar. 

Three  methods  used  to  determine  the  tensile  strength  of  concrete 
are  direct  tension,  flexural  strength,  and  splitting  tension  tests.  At 
present,  there  is  no  standard  test  using  the  direct  tension  method. 

Although  the  splitting  tension  test  is  not  a  true  tension  test,  it 
is,  however,  simple  to  perform  and  yields  a  fairly  reliable  measure  of 
tensile  strength  [4,  9,  37],  The  tensile  strength  of  concrete  obtained 
from  the  splitting  tension  test  is  about  10  to  15  percent  higher  than 
the  result  obtained  from  direct  tension  test  [9,  36], 

The  results  of  the  splitting  tensile  strength  and  the  statistical 
analyses  performed  are  presented  in  this  chapter. 

8.2  Analysis  of  Results 
The  results  of  the  splitting  tensile  strength  test  on  hardened  lab- 
oratory concrete  for  the  seven  experimental  designs  are  presented  in 


118 


119 


Table  8.1.  The  same  ANOVA  models  that  were  used  for  the  analysis  of  the 
compressive  strength  results  and  which  are  presented  in  Chapter  7  were 
used  for  the  analyses  of  the  splitting  tensile  strength  test  results. 
3.2.1  Results  of  Experimental  Design  No.  1 

The  objective  of  this  experimental  design  was  to  study  the  effects 
of  aggregate  type,  water-cement  ratio,  and  curing  duration  on  the 
splitting  tensile  strength.  Analysis  of  variance  (ANOVA)  was  performed 
on  the  splitting  tensile  strength  test  data  from  Design  No.  1  using  the 
ANOVA  model  as  presented  in  Equation  7.1.  The  ANOVA  results  are  sum- 
marized in  Table  8.2. 

The  aggregate  type  and  water-cement  ratio  main  effects  are  signifi- 
cant at  5%  probability  of  error.  No  interaction  effect  is  significant. 

A  comparison  of  means  for  aggregate  type  and  water-cement  ratio 
main  effects  was  performed  using  the  Duncan's  test  at  5%  level  of  sig- 
nificance. The  results  are  summarized  in  Tables  3.3  and  8.4. 

Srooksville  limestone  and  river  gravel  are  not  significantly  dif- 
ferent. However,  the  dense  limestone  produced  significantly  higher 
splitting  tensile  strength  than  the  other  two  aggregates. 

The  three  levels  of  water-cement  ratio  produced  significantly  dif 
ferent  strength,  the  lower  water-cement  ratio  producing  higher  splitting 
tensile  strengths. 
8.2.2  Results  of  Experimental  Design  No.  2 

The  results  of  ANOVA  on  the  splitting  tensile  strength  of  the  con- 
crete in  Design  No.  2,  which  studied  the  effects  of  aggregate  type  and 
curing  duration  at  a  fixed  W/C  ratio  of  0.53,  are  presented  in  Table 
8.5.  At  the  W/C  ratio  of  0.53,  the  effects  of  aggregate  type,  curing 
condition  and  their  interactions  are  all  not  significant. 
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Table  8.2       Results  of  ANOVA  on  Data  from  Splitting  Tensile  Strenqth 
Test   in  Design  No.   1 


Source  of 

Variation 

df 

SS 

MS 

F 

P 

A 

2 

177921 

88961 

7.49 

0.0122* 

E 

2 

526120 

263060 

22.14 

0.0003** 

AE 

4 

54128 

13532 

1.14 

0.3978 

B(A*E) 

9 

106931 

11881 

- 

- 

D 

1 

7684 

7684 

2.24 

0.1685 

AD 

2 

3431 

1716 

0.50 

0.6220 

ED 

2 

1582 

791 

0.23 

0.7984 

AED 

4 

20019 

5005 

1.46 

0.2917 

BD(A*E) 

3 

30835 

3426 

1.60 

0.1315 

e 

72 

154163 

2141 

- 

- 

R-Square  =  0.857627 
*     Significant  at  a  =  0.05  level. 
**     Significant  at  a  ■  0.01  level. 
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Table  8.3   Grouping  of  Aggregate  Type  by  Means  of  Splitting  Tensile 
Strength  of  Concrete  from  Duncan's  Test  [Design  No.  1] 


Alpha  =  0.05 


DF 


MSE  =  11881 


Aggregate  Type  Mean 

Dense  Limestone  495.22 

Brooksville  Limestone  411.44 

River  Gravel  406.97 


Grouping* 
A 

3 

B 


Note:  Means  with  the  same  letter  are  not  significantly 
different. 
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Table  8.4   Grouping  of  Water-Cement  Ratio  by  Means  of  Splitting 

Tensile  Strength  of  Concrete  from  Duncan's  Test  [Design 
No.  1] 


Alpha  -  0.05    DF 


W/C 
0.33 
0.45 
0.53 


Note:  Means  with  the  same  letter  are  not  significantly 
different. 


9    MSE 

=  11881 

Mean 

Grouping' 

528.83 

A 

425.61 

B 

359.19 

C 
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Table  8.5       Results  of  ANOVA  on  Data  from  Splitting  Tensile  Strength 
Test   in  Design  No.  2 


Source  of 
Variation 

df 

SS 

MS 

F 

P 

A 

2 

19967 

9984 

0.67 

0.5749 

B(A) 

3 

44729 

14910 

- 

- 

0 

1 

650 

650 

0.43 

0.5576 

AD 

2 

935 

468 

0.31 

0.7537 

BD(A) 

3 

4507 

1502 

1.81 

0.1730 

£ 

24 

19967 

332 

- 

- 

R-Square  =  0.779995 
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8.2.3  Results  of  Experimental  Design  No.  3 

In  Design  No.  3,  the  effects  of  aggregate  type  and  curing  duration 
at  a  fixed  W/C  ratio  of  0.45  were  studied.  ANOVA  was  performed  on  the 
splitting  tensile  strength  of  the  concrete  using  the  ANOVA  model  as  pre- 
sented in  Equation  7.2.  The  results  are  presented  in  Table  8.6. 

At  the  W/C  of  0.45,  the  effects  of  aggregate  types  on  the  splitting 
tensile  strength  are  shown  to  be  significant. 

A  Duncan's  test  was  performed  at  5%  level  of  significance  with  the 
objective  of  comparing  the  means  of  the  effects  of  the  aggregate  type. 
Table  8.7  shows  the  results  of  the  test. 

Brooksville  limestone  and  river  gravel  are  not  significantly  dif- 
ferent. Also,  Brooksville  limestone  and  dense  limestone  are  not  signi- 
ficantly different.  But  dense  limestone  produces  significantly  higher 
strength  than  the  river  gravel. 

8.2.4  Results  of  Experimental  Design  No.  4 

The  results  of  ANOVA  performed  on  Design  No.  4,  which  studied  the 
effects  of  aggregate  type  and  curing  duration  at  a  fixed  W/C  ratio  of 
0.33  and  cement  content  of  752  lb/cy,  are  summarized  in  Table  8.8.  The 
main  effects  (aggregate  type  and  curing  duration)  and  interaction  ef- 
fects in  this  design  are  not  significant. 

8.2.5  Results  of  Experimental  Design  No.  5 

The  effects  of  the  cement  content  and  curing  duration  given  W/C 
ratio  of  0.53  and  Brooksville  limestone  on  the  splitting  tensile 
strength  was  studied  in  this  experimental  design.  ANOVA  was  performed 
on  the  test  results  using  the  ANOVA  model  as  presented  in  Equation  7.3. 
The  results  are  summarized  in  Table  8.9.  The  effects  of  cement  content 
are  seen  to  be  insignificant. 
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Table  8.6   Results  of  ANOVA  on  Data  from   Splitting  Tensile  Strength 
Test  in  Design  No.  3 


Source  of 


Variation 

df 

SS 

MS 

F 

P 

A 
3(A) 

2 

3 

34334 
3604 

17417 
1201 

14.50 

0.0287* 

D 

1 

2055 

2055 

0.34 

0.6019 

AD 

2 

2406 

1203 

0.20 

0.8304 

BD(A) 

3 

18249 

6083 

2.92 

0.0548 

e 

24 

50033 

2085 

- 

- 

R-Square  =  0.549981 

*     Significant  at   a  =  0.05  level. 
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Table  8.7   Grouping  of  Aggregate  Type  by  Means  of  Splitting  Tensile 
Strength  of  Concrete  from  Duncan's  Test  [Design  No.  3] 


Alpha  =  0.05 

OF 

=  3    MSE 

=  1201 

Aggregate  Type 
Dense  Limestone 
Brooksville  Limestone 
River  Gravel 

Mean 
465.67 
421.33 
389.83 

Grouping* 
A 

AB 
B 

Note:  Means  with  the  same  letter  are  not  significantly 
different. 
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Table  8.8   Results  of  ANOVA  on  Oata  from  Splitting  Tensile  Strength 
Test  in  Design  No.  4 


Source  of 

Variation 

df 

3S 

MS 

F 

P 

A 

2 

177249 

88625 

4.54 

0.1238 

B(A) 

3 

53598 

19533 

- 

- 

0 

1 

6561 

6561 

2.44 

0.2165 

AD 

2 

20109 

10055 

3.73 

0.1535 

BD(A) 

3 

3079 

2693 

0.77 

0.5232 

£ 

24 

84163 

3507 

- 

- 

R-Square  =  0.762759 
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Table  8.9   Results  of  ANOVA  on  Data  from  Splitting  Tensile  Strenqth 
Test  in  Design  No.  5 


Source  of 

Variation 

df 

SS 

MS 

F 

P 

C 

1 

63 

63 

0.01 

0.9462 

8(C) 

2 

21811 

10906 

- 

- 

D 

1 

8030 

8030 

1.64 

0.3291 

CD 

1 

1335 

1335 

0.27 

0.6539 

BD(C) 

2 

9812 

4906 

4.09 

0.0367* 

z 

16 

19179 

1199 

- 

- 

R-Square  =  0.681570 

*  Significant  at  a  =   0.05  level. 


131 


3.2.6  Results  of  Experimental  Design  No.  6 

ANOVA  was  performed  on  the  test  results  from  Design  No.  6,  which 
studied  the  effects  of  cement  content  and  curing  duration  given  a  W/C 
ratio  of  0.45  and  Brooksville  limestone  on  the  splitting  tensile 
strength,  using  the  ANOVA  model  as  presented  in  Equation  7.3.  The  re- 
sults of  the  ANOVA  are  summarized  in  Table  8.10.  Similar  to  the  results 
of  Design  No.  6,  the  effects  of  cement  content,  curing  duration  and 
their  interactions  are  found  to  be  insignificant. 

8.2.7  Results  of  Experimental  Design  No.  7 

The  results  of  analysis  of  variance  performed  on  the  test  results 
from  Design  No.  7,  which  studied  the  effects  of  the  water-cement  ratio 
and  curing  duration  on  splitting  tensile  strength  of  concrete  batched 
with  Brooksville  limestone  and  a  fixed  cement  content  of  658  Ib/cy,  are 
summarized  in  Table  8.11.  Neither  the  main  effects  nor  the  interactions 
were  significant.  This  experimental  design  covered  only  two  water- 
cement  ratios,  namely,  0.38  and  0.45.  Due  to  the  variation  of  the 
splitting  tensile  strength  results,  the  difference  between  the  effects 
of  these  two  W/C  ratio  was  not  significant. 

8.2.8  Graphical  Presentation  of  Means 

The  relationships  between  the  water-cement  ratio  and  the  splitting 
tensile  strength  of  concrete  for  both  28-day  and  90-day  curing  are  de- 
picted in  Figures  8.1  through  8.3,  for  the  Brooksville  limestone,  dense 
limestone  and  river  gravel,  respectively. 

The  comparison  of  the  effects  of  aggregate  type  on  the  splitting 
tensile  strength  for  water-cement  ratios  of  0.33,  0.45,  and  0.53  are 
presented  in  Figures  8.4  through  8.6,  respectively. 
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Table  8.10  Results  of  ANOVA  on  Data  from  Splitting  Tensile  Strenath 

Test  in  Design  No.  6 

Source  of 

Variation      df        SS        MS        F       P 


C  1         4538        4538 

B(C)        2        20723 


0.44   0.5752 


10362 


D 

1 

542 

542 

0.30 

0.6370 

CO 

1 

1908 

1908 

1.07 

0.4097 

BD(C) 

2 

3569 

1785 

0.36 

0.7028 

e 

16 

79171 

4948 

- 

- 

R-Square  =  0.283198 
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Table  8.11  Results  of  ANOVA  on  Data  from  Splitting  Tensile  Strength 
Test  in  Design  No.  7 


Source  of 

Variation      df        SS        MS 


E 

1 

580 

580 

0.05 

0.8380 

8(E) 

2 

21534 

10767 

- 

- 

D 

1 

1350 

1350 

2.59 

0.2487 

ED 

1 

267 

267 

0.51 

0.5485 

B0(E) 

2 

1042 

521 

0.13 

0.8787 

z 

16 

63935 

3996 

- 

- 

R-Square  =  0.279259 
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Figure  8.1  Influence  of  Water/Cement  Ratio  and  Moist  Curing  Dura- 
tion on  Splitting  Tensile  Strength  of  Concrete  Using 
Brooksville  Limestone 
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Figure  3.2  Influence  of  Water/Cement  Ratio  and  Hoist  Curing  Dura- 
tion on  Splitting  Tensile  Strength  of  Concrete  Using 
Dense  Limestone 
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Figure  8.3  Influence  of  Water/Cement  Ratio  and  Moist  Curing  Dura- 
tion on  Splitting  Tensile  Strength  of  Concrete  Using 
River  Gravel 
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Figure  3.4  Influence  of  Aggregate  Type  and  Moist  Curing  Duration  on 
Splitting  Tensile  Strength  of  Concrete  at  W/C  =  0.33 
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Figure  8.5  Influence  of  Aggregate  Type  and  Moist  Curing  Duration  on 
Splitting  Tensile  Strength  of  Concrete  at  W/C  =  0.45 
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Figure  8.6  Influence  of  Aggregate  Type  and  Moist  Curing  Duration  on 
Splitting  Tensile  Strength  of  Concrete  at  W/C  =  0.53 
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8.3  Summary  of  Findings 
The  following  are  the  findings  from  the  results  of  the  splitting 
tensile  strength  test: 

1.  Aggregate  type  has  some  effect  on  the  splitting  tensile  strength 
of  concrete.  Generally,  the  Brooksville  limestone  produces  ap- 
proximately the  same  splitting  tensile  strength  as  the  river 
gravel  while  the  dense  limestone  produces  higher  strengths  than 
both  these  two  aggregates. 

2.  The  splitting  tensile  strength  of  concrete  increases  as  the 
water-cement  ratio  decreases. 

3.  For  a  fixed  water-cement  ratio,  changes  in  cement  content  do  not 
have  any  significant  effect  on  the  splitting  tensile  strength. 


CHAPTER  9 
MODULUS  OF  RUPTURE  OF  LABORATORY  CONCRETE  SPECIMENS 


9.1  Introduction 


The  modulus  of  rupture  of  a  concrete  test  beam  is  the  maximum  theo- 
retical tensile  stress  at  the  bottom  fibre  of  the  test  beam  at  rupture 
and  is  computed  based  on  the  assumption  that  the  concrete  behaves  lin- 
early elastically  until  fracture.  It  is  an  indication  of  the  flexural 
or  tensile  strength  of  a  given  concrete. 

This  chapter  presents  the  results  of  the  modulus  of  rupture  test 
and  the  statistical  analyses  performed. 

9.2  Analysis  of  Results 

Table  9.1  displays  the  results  of  the  modulus  of  rupture  tests  on 
hardened  laboratory  concrete  for  the  seven  experimental  designs.  The 
same  ANOVA  models  that  were  used  for  the  analysis  of  the  compressive 
strength  and  splitting  tensile  strength  results  and  which  are  presen 
in  Chapter  7  were  used  for  the  analysis  of  the  modulus  of  rupture  test 
results. 
9.2.1  Results  of  Experimental  Design  No.l 

Experimental  Design  No.  1  investigated  the  effects  of  aggregate 
type,  water-cement  ratio,  and  curing  duration  on  the  modulus  of  rupture 
of  hardened  laboratory  concrete. 
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ANOVA  was  performed  on  the  test  data  using  the  ANOVA  model  as  pre- 
sented in  Equation  7.1.  The  results  of  the  ANOVA  are  summarized  in 
Table  9.2. 

All  the  main  effects  (aggregate  type,  W/C  ratio  and  curing  dura- 
tion) are  highly  significant.  The  interactions  of  aggregate  type  with 
curing  duration  and  water-cement  ratio  with  curing  duration  are  also 
highly  significant. 

A  comparison  of  means  for  the  aggregate  type  and  water-cement  rati^ 
main  effects  was  performed  at  28-  and  90-day  moist  curing  durations 
using  the  Duncan's  test  at  5%  probability  of  error  level.  The  results 
of  the  comparison  are  summarized  in  Tables  9.3  and  9.4. 

At  28-day  moist  cured  age,  the  effects  of  the  three  aggregates  are 
not  significantly  different.  However,  at  90-day  moist  curing,  the  dens- 
limestone  produces  significantly  higher  modulus  of  rupture  than  both  the 
river  gravel  and  Brooksville  limestone  which  are  not  significantly  dif- 
ferent from  one  another. 

At  28-day  moist  cured  age,  the  water-cement  ratios  of  0.45  and  0.r^ 
are  not  significantly  different  from  each  other  but  give  significantly 
lower  modulus  of  rupture  than  the  W/C  of  0.33.  At  90-day  curing,  the 
effects  of  all  the  three  water-cement  ratios  are  significantly  different 
from  one  another,  the  lower  W/C  producing  significantly  higher  modulus 
of  rupture. 
9.2.2  Results  of  Experimental  Design  No.  2 

The  ANOVA  results  for  Design  No.  2,  which  investigated  the  effects 
of  aggregate  type  and  curing  duration  on  the  modulus  of  rupture  of  con- 
crete at  W/C  of  0.53  and  cement  content  of  508  Ib/cy  are  summarized  in 
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Table  9.2 

Res 

in 

lUltS 

Desi 

of 

gn 

ANOVA  on  Data 
No.  1 

from  Modulus 

of  Rupt 

ure  Test 

Source  of 
Variation 

df 

ss 

MS 

F 

P 

A 

2 

192211 

96106 

8.16 

0.0095** 

E 

2 

2067063 

1033532 

87.73 

0.0001** 

AE 

4 

155082 

38771 

3.29 

0.0636 

3(A*E) 

9 

106025 

11781 

- 

- 

0 

1 

204276 

204276 

72.40 

0.0001** 

AD 

2 

154821 

77411 

27.44 

0.0001* 

EO 

2 

37079 

43540 

15.43 

0.0012** 

AED 

4 

34748 

8687 

3.08 

0.0743 

BD(A*E) 

9 

25394 

2822 

1.39 

0.2085 

e 

72 

146081 

2029 

- 

- 

R-Square  =  0.953958 

**     Significant  at  a  =  0.01   level. 
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Table  9.3   Grouping  of  Aggregate  Type  by  Means  of  Modulus  of  Rup- 
ture of  Concrete  from  Duncan's  Test  [Design  No.  1] 


Duration  =  28-day:  Alpha  =  0.05    DF  =  9    MSE  =  8598 
Duration  =  90-day:  Alpha  =  0.05    DF  =  9    MSE  =  6004 


Moist  Curing 

Duration       Aggregate  Type 

28  -  day      Dense  Limestone 

River  Gravel 

Brooksville  Limestone 


90  -  day      Dense  Limestone 
River  Gravel 
Brooksville  Limestone 


*  Note:  Means  at  each  moist  curing  duration  with  the  same  letter 
are  not  significantly  different. 


Mean 

Grouping* 

723.33 

A 

715.50 

A 

713.22 

A 

916.00 

A 

764.61 

B 

732.39 

8 
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Table  9.4       Grouping  of  Water-Cement  Ratio  by  Means  of  Modulus  of 

Rupture  of  Concrete  from  Duncan's  Test   [Design  No.   1] 

Duration  =  28-day:     Alpha  =  0.05         DF  =  9        MSE  =  8598 
Duration  =  90-day:     Alpha  =  0.05         DF  =  9         MSE  =  6004 


Moist  Curing 

Wat 

er-Cement 

Duration 

Ratio 

28  -  day 

0.33 
0.45 
0.53 

90  -  day 

0.33 
0.45 
0.53 

Mean 

Grouping* 

873.89 

A 

670.61 

3 

607.56 

B 

1016.67 

A 

779.72 

B 

616.61 

C 

*     Note:     Means  at  each  moist  curing  duration  with  the  same  letter 
are  not  significantly  different. 
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Table  9.5.  At  the  W/C  of  0.53,  the  effects  of  aggregate  type  and  curing 
duration  are  shown  to  be  insignificant. 

9.2.3  Results  of  Experimental  Design  No.  3 

ANOVA  was  performed  on  the  test  results  from  Design  No.  3,  which 
studied  the  effects  of  aggregate  type  and  moist  curing  duration  at  a 
fixed  W/C  of  0.45  and  cement  content  of  564  lb/cy.  The  results  are 
presented  in  Table  9.6.  At  the  W/C  of  0.45,  the  difference  between  28- 
day  curing  and  90-day  curing  is  significant,  while  the  effect  of  aggre- 
gate type  is  not  significant. 

9.2.4  Results  of  Experimental  Design  No.  4 

Table  9.7  summarizes  the  results  of  the  analysis  of  variance  using 
ANOVA  performed  on  the  test  data  from  Design  No.  4.  The  effects  studied 
in  this  experimental  design  are  the  same  as  those  of  Design  3  except 
that  the  water-cement  ratio  is  0.33  and  the  cement  content  is  752  lb/cy. 

At  the  W/C  of  0.33,  the  aggregate  type  and  curing  duration  main  ef- 
fects are  significant  at  the  5%  probability  of  error  level.  Also,  the 
interaction  of  the  aggregate  type  with  curing  duration  is  significant. 

The  means  of  the  aggregate  type  were  compared  at  23-  and  90-day 
moist  curing  durations  using  the  Duncan's  multiple  comparison  range 
test.  The  results  are  displayed  in  Table  9.8.  At  28-day  curing,  the 
effects  of  the  three  aggregates  are  not  significantly  different  from  one 
another.  At  90-day  curing,  the  dense  limestone  produces  significantly 
higher  modulus  of  rupture  than  the  other  two  aggregates. 

9.2.5  Results  of  Experimental  Design  No.  5 

The  ANOVA  results  for  Design  No.  5,  which  studied  the  effects  of 
cement  content  and  moist  curing  duration  on  the  modulus  of  rupture  of 
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Table  9.5   Results  of  ANOVA  on  Data  from  Modulus  of  Rupture  Test 
in  Design  No.  2 


Source  of 

Variation  df  SS  MS 


A 

2 

706 

353 

0.05 

0.9539 

B(A) 

3 

22113 

7371 

- 

- 

D 

1 

738 

738 

0.17 

0.7078 

AD 

2 

44073 

22039 

5.08 

0.1089 

BD(A) 

3 

13025 

4342 

4.84 

0.0089** 

e 

24 

21507 

396 

- 

- 

R-Square  =  0.789488 

**     Significant   at  a  =  0.01   level. 
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Table  9.6   Results  of  ANOVA  on  Data  from  Modulus  of  Rupture  Test 
in  Design  No.  3 


Source  of 
Variation 


df 


SS 


MS 


A 

2 

54586 

27293 

2.08 

0.2709 

B(A) 

3 

39309 

13103 

- 

- 

D 

1 

108147 

107147 

42.31 

0.0074** 

AD 

2 

20009 

10005 

3.95 

0.1444 

BD(A) 

3 

7598 

2533 

1.98 

0.1432 

e 

24 

30628 

1276 

- 

- 

R-Square  =  0.881872 

**     Significant  at   a  =  0.01   level 


151 


Table  9.7       Results  of  ANOVA  on  Data  from  Modulus  of  Rupture  Test 
in  Design  No.   4 


Source  of 

Variation 

df 

SS 

MS 

F 

P 

A 

2 

292001 

146001 

9.82 

0.0482* 

B(A) 

3 

44604 

14858 

- 

- 

D 

1 

183469 

183469 

115.36 

0.0017** 

AD 

2 

125482 

62741 

39.45 

0.0070** 

BD(A) 

3 

4771 

1590 

0.41 

0.7498 

e 

24 

93946 

3914 

- 

- 

R-Square  =  0.873775 

*     Significant  at   0  =  0.05  level. 

**  Significant  at   a  =  0.01  level. 
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Table  9.8   Grouping  of  Aggregate  Type  by  Means  of  Modulus  of  Rup- 
ture of  Concrete  from  Duncan's  Test  [Design  No.  4] 


Duration  =  28-day:  Alpha  =  0.05    DF  =  3    MSE  =  9335 
Duration  =  90-day:  Alpha  =  0.05    DF  =  3    MSE  =  7123 


Moist  Curing 
Duration 


28  -  day 


90  -  day 


Aggregate  Type 

Mean 

Grouping* 

Dense  Limestone 

910.83 

A 

River  Gravel 

899.17  . 

A 

Brooksville  Limestone 

811.67 

A 

Dense  Limestone 

1219.83 

A 

River  Gravel 

945.00 

B 

Brooksville  Limestone 

885.17 

B 

Note:  Means  at  each  moist  curing  duration  with  the  same  letter 
are  not  significantly  different. 
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concrete  using  a  fixed  W/C  of  0.53  and  Brooksville  limestone  are  sum- 
marized in  Table  9.9.  The  analysis  was  performed  using  the  ANOVA  model 
as  expressed  by  Equation  7.3.  The  effects  of  cement  content  and  curing 
duration  are  shown  to  be  not  significant. 

9.2.6  Results  of  Experimental  Design  No.  6 

The  results  of  analysis  of  variance  performed  on  the  data  in  Design 
No.  5  which  studied  the  effects  of  cement  content  and  curing  duration 
given  a  W/C  of  0.45  and  Brooksville  limestone  are  summarized  in  Table 
9.10.  The  effects  of  cement  content  and  curing  duration  are  shown  to  be 
not  significant. 

9.2.7  Results  of  Experimental  Design  No.  7 

Analysis  of  variance  was  performed  on  the  test  results  from  Design 
No.  7,  which  studied  the  effects  of  water-cement  ratio  and  curing  dura- 
tion on  the  modulus  of  rupture  of  concrete  using  Brooksville  limestone 
and  a  fixed  cement  content  of  658  Ib/cy.  The  results  of  the  ANOVA  are 
summarized  in  Table  9.11.  The  effect  of  W/C  is  shown  to  be  significant. 

9.2.8  Graphical  Presentation  of  Means 

Figure  9.1  through  9.3  shows  the  influence  of  the  water-cement 
ratio  and  moist  curing  duration  on  the  modulus  of  rupture  of  concrete 
for  the  Brooksville  limestone,  dense  limestone  and  river  gravel,  respec- 
tively. 

The  means  of  the  modulus  of  rupture  for  each  aggregate  type  at 
water-cement  ratios  of  0.33,  0.45,  and  0.53  are  shown  in  Figures  9.4 
through  9.6,  respectively. 
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Table  9.9   Results  of  ANOVA  on  Data  from  Modulus  of  Rupture  Test 
in  Design  No.  5 


Source  of 
Variation 


df 


SS 


R-Square  =  0.390250 

*  Significant  at  a  =  0.05  level 


MS 


c 

1 

40 

40 

0.00 

0.9670 

B(C) 

2 

36329 

18415 

- 

- 

0 

1 

8626 

3626 

3.10 

0.2203 

CD 

1 

7740 

7740 

2.73 

0.2372 

BD(C) 

2 

5563 

2782 

6.14 

0.0105* 

ERROR 

16 

7249 

453 

- 

- 
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Table  9.10     Results  of  ANOVA  on  Data  from  Modulus  of  Rupture  Test 
in  Design  No.  6 


Source  of 

Variation 

df 

SS 

MS 

F 

P 

C 

1 

6435 

6435 

0.41 

0.5864 

B(C) 

2 

31175 

15588 

- 

- 

D 

1 

23500 

23500 

1.23 

0.3833 

CD 

1 

135 

135 

0.01 

0.9406 

BD(C) 

2 

38287 

19144 

8.12 

0.0037** 

E 

15 

37707 

2357 

- 

- 

R-Square  =  0.725247 

**     Significant  at  a  =  0.01   level. 
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Table  9.11  Results  of  ANOVA  on  Data  from  Modulus  of  Rupture  Test 
in  Design  No.  7 


Source  of 

Variation  df  SS  MS 


E 

1 

8103 

8103 

169.85 

0.0058** 

B(£) 

2 

95 

48 

- 

- 

D 

1 

22022 

22022 

1.29 

0.3738 

ED 

1 

273 

273 

0.02 

0.9109 

BD(E) 

2 

34135 

17068 

7.38 

0.0054** 

e 

16 

36991 

2312 

- 

- 

R-Square  =  0.635987 

**     Significant  at   a  =  0.01   level. 


157 


900 


800 


<fl 

3 


Z> 

u. 
O 


a 
o 


700  - 


600  - 


BROOKSVILLE  LIMESTONE 


-o-    28-DAY 
-•-    90-DAY 


500 


0.3 


— I — 
0.4 


0.5 


0.6 


WATER  /  CEMENT  RATIO 


Figure  9.1  Influence  of  Water/Cement  Ratio  and  Moist  Curing  Dura- 
tion on  Modulus  of  Rupture  of  Concrete  Using  Brooksville. 
Limestone 
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Figure  9.2  Influence  of  Water/Cement  Ratio  and  Moist  Curing  Dura- 
tion on  Modulus  of  Rupture  of  Concrete  Using  Dense 
Limestone 
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Figure  9.3  Influence  of  Water/Cement  Ratio  and  Moist  Curing  Dura- 
tion on  Modulus  of  Rupture  of  Concrete  Using  River 
Gravel 
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Figure  9.4  Influence  of  Aggregate  Type  and  Moist  Curing  Duration  on 
Modulus  of  Rupture  of  Concrete  at  W/C  =  0.33 
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Figure  9.5  Influence  of  Aggregate  Type  and  Moist  Curing  Duration  on 
Modulus  of  Rupture  of  Concrete  at  W/C  =  0.45 
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Figure  9.6  Influence  of  Aggregate  Type  and  Moist  Curing  Duration  on 
Modulus  of  Rupture  of  Concrete  at  W/C  =  0.53 


163 


9.3  Summary  of  Findings 
The  modulus  of  rupture  test  on  laboratory  concrete  specimens 
yielded  the  following  facts: 

1.  The  aggregate  type  has  some  effect  on  the  modulus  of  rupture  of 
concrete.  At  28-day  moist-cured  age,  all  the  three  types  of 
aggregates  produce  moduli  of  rupture  which  are  not  significantly 
different  from  each  other.  However,  at  90-day  moist  curing,  the 
dense  limestone  produces  significantly  higher  modulus  of  rupture 
than  both  the  river  gravel  and  Brooksville  limstone. 

2.  The  water-cement  ratio  has  significant  effect  on  the  concrete 
modulus  of  rupture.  The  modulus  of  rupture  generally  increase- 
as  the  water-cement  ratio  decreases. 

3.  The  modulus  of  rupture  generally  increases  with  the  age  of  moist 
curing. 

4.  For  a  fixed  water-cement  ratio,  changes  in  cement  content  do  not 
have  any  significant  effect  on  the  modulus  of  rupture  of 
concrete. 


CHAPTER  10 
STATIC  MODULUS  OF  ELASTICITY  OF  LABORATORY  CONCRETE  SPECIMENS 


10.1  Introduction 


The  ratio  of  stress  to  strain  in  the  elastic  range  of  stress-strain 
curve  is  termed  static  modulus  of  elasticity  or  Young's  modulus. 

This  chapter  presents  the  results  of  the  static  modulus  of  elastic- 
ity of  concrete  test  and  the  statistical  analyses  performed. 

10.2  Analysis  of  Results 
Table  10.1  presents  the  results  of  the  static  modulus  of  elastic 
test  on  hardened  laboratory  concrete  for  all  the  seven  experimental  de- 
signs. The  same  ANOVA  models,  which  are  presented  in  Chapter  7,  were 
used  for  the  analysis  of  the  modulus  of  elasticity  data. 

10.2.1  Results  of  Experimental  Design  No.  1 

Analysis  of  variance  was  performed  on  the  test  data  from  Design 
1,  which  studied  the  effects  of  aggregate  type,  water-cement  ratio,  an^ 
curing  duration  on  the  modulus  of  elasticity  of  the  hardened  laboratory 
concrete.  The  results  of  the  ANOVA  are  summarized  in  Table  10.2. 

All  the  main  effects  (aggregate  type,  W/C  and  curing  duration)  are 
highly  significant  with  a  probability  of  error  level  of  less  than  1%. 

A  comparison  of  means  for  aggregate  type  and  water-cement  ratio  was 
performed  using  the  Duncan's  test  and  the  results  summarized  in  Tables 
10.3  and  10.4,  respectively.  From  Table  10.3,  it  can  be  seen  that  the 
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Table  10.2  Results  of  ANOVA  on  Data  from  Modulus  of  Elasticity  Test 
in  Design  No.  1 


Source  of 

Variation 

df 

ss 

MS 

F 

P 

A 

2 

1979.06E10 

989.53E10 

113.75 

0.0001** 

E 

2 

573.03E10 

286.52E10 

32.93 

0.0001** 

At 

4 

22.40E10 

5.61E10 

0.64 

0.6443 

B(A*E) 

9 

78.30E10 

8.70E10 

- 

- 

D 

1 

70.00E10 

70.00E10 

19.68 

0.0016** 

AD 

2 

19.80E10 

9.90E10 

2.78 

0.1145 

ED 

2 

13.25E10 

6.63E10 

1.86 

0.2103 

AED 

4 

10.02E10 

2.51E10 

0.70 

0.6086 

BD(A*E) 

3 

32.01E10 

3.56E10 

- 

- 

e 

0 

0 

0 

- 

- 

Significant  at  a  =  0.01  level. 
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Table  10.3  Grouping  of  Aggregate  Type  by  Means  of  Modulus  of  Elas- 
ticity of  Concrete  from  Duncan's  Test  [Design  No.  1] 


Alpha  =  0.05  DF  =  9    MSE  =  8.7E10 

Aggregate  Type  Mean     Grouping* 

Dense  Limestone  6410000       A 

River  Gravel  5090000       B 

Brooksville  Limestone      4670000       C 


*  Note:  Means  with  different  letters  are  significantly  different. 
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Table  10.4  Grouping  of  Water-Cement  Ratio  by  Means  of  Modulus  of 

Elasticity  of  Concrete  from  Duncan's  Test  [Design  No.  1] 


Alpha  =  0.05  DF  =  9    MSE  =  8.7E10 

M/C Mean     Grouping* 

0.33  5810000       A 

0.45  5510000       B 

0.53  4850000       C 


*  Note:  Means  with  different  letters  are  significantly  different. 
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dense  limestone  produces  significantly  higher  elastic  modulus  than  the 
river  gravel,  while  the  river  gravel  produces  signficantly  higher  elas- 
tic modulus  than  the  Brooksville  limestone.  From  Table  10.4,  it  is  seen 
that  the  elastic  modulus  increases  significantly  as  the  W/C  decreases. 

10.2.2  Results  of  Experimental  Design  No.  2 

The  main  objective  in  Design  No.  2  was  to  study  the  effects  of  ag- 
gregate type  and  moist  curing  duration  at  a  fixed  water-cement  ratio  of 
0.53  and  cement  content  of  508  lb/cy  on  the  modulus  of  elasticity  of 
concrete.  AN0VA  was  performed  on  the  test  results  using  the  AN0VA  mode 
as  presented  in  Equation  7.2.  The  analysis  results  are  presented  in 
Table  10.5.  The  effect  of  aggregate  type  is  found  to  be  significant. 

Table  10.6  summarizes  the  results  of  aggregate  type  means  compari- 
son using  the  Duncan's  multiple  range  test  at  5%  significance  level. 
The  dense  limestone  produces  significantly  higher  elastic  modulus  tha- 
the  river  gravel  which  produces  significantly  higher  elastic  modulus 
than  the  Brooksville  limestone. 

10.2.3  Results  of  Experimental  Design  No.  3 

In  Design  No.  3,  the  effects  of  the  aggregate  type  and  moist  curing 
duration  at  a  fixed  water-cement  ratio  of  0.45  and  cement  content  of  564 
lb/cy  was  studied.  AN0VA  was  performed  on  the  test  results  using  the 
same  model  as  for  Design  No.  2.  The  results  of  the  analysis  are  pre- 
sented in  Table  10.7.  All  the  main  effects  (aggregate  type  and  curing 
duration)  are  significant.  A  Duncan  test  was  performed  to  compare  the 
mean  effects  of  aggregate  type  and  the  results  summarized  in  Table  10.8. 
The  dense  limestone  produces  significantly  higher  elastic  modulus  than 
the  river  gravel  and  the  Brooksville  limestone,  which  are  not  signifi- 
cantly different  from  one  another. 
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Table  10.5  Results  of  ANOVA  on  Data  from  Modulus  of  Elasticity  Test 
in  Design  No.  2 


Source  of 
Variation 

df 

3S 

MS 

F 

P 

A 

2 

744.17E10 

372.09E10 

150.79 

0.0010** 

B(A) 

3 

7.40E10 

2.47E10 

- 

- 

D 

1 

4.20E10 

4.20E10 

1.43 

0.3170 

AD 

2 

9.25E10 

4.63E10 

1.58 

0.3398 

BD(A) 

3 

8.78E10 

2.93E10 

- 

- 

e 

0 

0 

0 

- 

- 

Significant  at  a  =  0.01  level. 
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Table  10.6  Grouping  of  Aggregate  Type  by  Means  of  Modulus  of  Elas- 
ticity of  Concrete  from  Duncan's  Test  [Design  No.  2] 


Alpha  =  0.05    OF  =  3    MSE  =  2.5E10 

Aggregate  Type  Mean     Grouping* 

Dense  Limestone  5940000       A 

River  Gravel  4510000       B 

Brooksville  Limestone      4110000       C 


*  Note:  Means  with  different  letters  are  significantly  different, 
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Table  10.7  Results  of  ANOVA  on  Data  from  Modulus  of  Elasticity  Test 
in  Design  No.  3 


Source  of 
Variation 


df 


SS 


MS 


A 

2 

600.17E10 

300.08E10 

21.73 

0.0164* 

B(A) 

3 

41.43E10 

13.81E10 

- 

- 

D 

1 

50.84E10 

50.84E10 

35.08 

0.0096** 

AD 

2 

5.79E10 

2.90E10 

2.00 

0.2810 

BD(A) 

3 

4.35E10 

1.45E10 

- 

- 

e 

0 

0 

0 

- 

- 

*  Significant  at  a  =  0.05  level 
**  Significant  at  a  =   0.01  level 
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Table  10.8  Grouping  of  Aggregate  Type  by  Means  of  Modulus  of  Elas- 
ticity of  Concrete  from  Duncan's  Test  [Design  No.  3] 


Alpha  =  0.05 


DF 


MSE  =  1.4E11 


Aggregate  Type 
Dense  Limestone 
River  Gravel 
Brooksville  Limestone 


Mean 
6500000 
5130000 
4900000 


Grouping* 

A 
B 

B 


Note:  Means  with  the  same  letter  are  not  significantly 
different. 
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10.2.4  Results  of  Experimental  Design  No.  4 

Design  No.  4  studied  the  effects  of  aggregate  type  and  moist  curing 
duration  at  a  fixed  water-cement  ratio  of  0.33  and  cement  content  of  752 
Ib/cy.  ANOVA  was  performed  on  the  test  results  using  the  same  ANOVA 
model  as  that  used  for  Designs  2  and  3.  The  analysis  results  are  sum- 
marized in  Table  10.9.  Aggregate  type  effect  is  found  to  be  significant 
at  1%  level. 

Duncan's  multiple  range  test  was  used  to  compare  the  aggregate  type 
means  at  5%  level  of  significance  and  the  results  presented  in  Table 
10.10.  Dense  limestone  produces  significantly  higher  elastic  modulus 
than  both  the  river  gravel  and  Brooksville  limestone.  The  effects  of 
river  gravel  and  Brooksville  limestone  are  not  significantly  different 
from  one  another. 

10.2.5  Results  of  Experimental  Design  No.  5 

ANOVA  was  performed  on  the  test  restults  from  Design  No.  5,  which 
studied  the  effects  of  cement  content  and  curing  duration  on  the  elastic 
modulus  of  concrete  using  a  fixed  water-cement  ratio  of  0.53  and  Brooks- 
ville limestone.  The  ANOVA  results  are  summarized  in  Table  10.11.  None 
of  the  sources  of  variation  (cement  content  and  curing  duration)  is  sig- 
nificant. 

10.2.6  Results  of  Experimental  Design  No.  6 

The  objective  of  this  design  and  Design  No.  5  are  the  same  except 
that  the  water-cement  ratio  is  0.45.  ANOVA  was  performed  on  the  test 
results.  The  ANOVA  results  are  summarized  in  Table  10.12.  Similar  to 
the  results  of  Design  No.  5,  all  the  main  effects  and  interactions  are 
not  significant. 
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Table  10.9  Results  of  ANOVA  on  Data  from  Modulus  of  Elasticity  Test 
in  Design  No.  4 


Source  of 

Variation 

df 

3S 

MS 

F 

P 

A 

2 

657.16E10 

328.58E10 

33.45 

0.0089** 

B(A) 

3 

29.47E10 

9.82E10 

- 

- 

D 

1 

28.21E10 

28.21E10 

4.48 

0.1245 

AD 

2 

14.78E10 

7.39E10 

1.17 

0.4200 

BD(A) 

3 

18.88E10 

6.29E10 

- 

- 

£ 

0 

0 

0 

- 

- 

Significant  at  a  =  0.01  level 
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Table  10.10  Grouping  of  Aggregate  Type  by  Means  of  Modulus  of  Elas- 
ticity of  Concrete  from  Duncan's  Test  [Design  No.  4] 


Alpha  ■  0.05  DF  =  3    MSE  =  9.8E10 

Aggregate  Type  Mean     Grouping* 

Dense  Limestone  6780000       A 

River  Gravel  5640000       B 

Brooksville  Limestone      4990000       B 


Note:  Means  with  the  same  letter  are  not  significantly  different, 
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Table  10.11     Results  of  ANOVA  on  Data  from  Modulus  of  Elasticity  Test 
in  Design  No.   5 


Source  of 

Variation 

df 

bS 

MS 

F 

P 

C 

1 

4.50E10 

4.50E10 

0.65 

0.5060 

B(C) 

2 

13.94E10 

6.97E10 

- 

- 

D 

1 

3.13E10 

3.13E10 

0.47 

0.5631 

CD 

1 

4.81E10 

4.81E10 

0.73 

0.4841 

BD(C) 

2 

13.25E10 

6.63E10 

- 

- 

e 

0 

0 

0 

- 

- 
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Table  10.12     Results  of  ANOVA  on  Data  from  Modulus  of  Elasticity  Test 
in  Design  No.   6 


Source  of 

Variation 

df 

bS 

MS 

F 

P 

C 

1 

47.05E10 

47.05E10 

2.11 

0.2832 

8(C) 

2 

44.53E10 

6.97E10 

- 

- 

D 

1 

9.25E10 

9.25E10 

4.40 

0.1709 

CD 

1 

0.18E10 

0.18E10 

0.09 

0.7974 

BD(C) 

2 

4.21E10 

2.10E10 

- 

- 

e 

0 

0 

0 

- 

- 

130 


10.2.7  Results  of  Experimental  Design  No.  7 

Design  No.  7  evaluated  the  effects  of  water-cement  ratio  and  curing 
duration  given  Brooksville  limestone  and  a  fixed  cement  content  of  658 
lb/cy  on  the  modulus  of  elasticity  of  concrete.  The  test  results  were 
analyzed  and  the  outcome  summarized  in  Table  10.13.  All  the  main  ef- 
fects (W/C  and  curing  duration)  are  significant. 

10.2.8  Graphical  Presentation  of  Means 

Figures  10.1  through  10.3  show  the  influence  of  the  water-cement 
ratio  and  moist  curing  duration  on  the  modulus  of  elasticity  of  concret 
for  Brooksville  limestone,  dense  limestone,  and  river  gravel,  respec- 
tively. 

The  means  of  the  modulus  of  elasticity  for  each  aggregate  type  at 
water-cement  ratios  of  0.33,  0.45,  and  0.53  are  plotted  in  Figures  10.4 
through  10.6  for  water-cement  ratios  of  0.33,  0.45  and  0.53,  respec- 
tively. 

10.3  Summary  of  Findings 
The  findings  of  the  modulus  of  elasticity  test  are  summarized  as 
follows: 

1.  The  effect  of  aggregate  type  is  highly  significant.  All  the 
three  aggregate  types  are  significantly  different  from  each 
other.  Dense  limestone  yielded  the  highest  modulus  of  elastic- 
ity followed  by  river  gravel  and  lastly  Brooksville  limestone. 
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Table  10.13     Results  of  ANOVA  on  Data  from  Modulus  of  Elasticity  Test 
in  Design  No.   7 


Source  of 
Variation 


df 


SS 


MS 


E 

1 

225.78E10 

225.78E10 

29.15 

0.0326* 

8(E) 

2 

15.49E10 

7.75E10 

- 

- 

D 

1 

10.35E10 

10.35E10 

20.65 

0.0452* 

ED 

1 

0.36E10 

0.36E10 

0.72 

0.4853 

B0(E) 

2 

1.00E10 

0.50E10 

- 

- 

e 

0 

0 

0 

- 

- 

Significant  at  a  =   0.05  level. 
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Figure  10.1     Influence  of  Water/Cement  Ratio  and  Moist  Curing  Dura- 
tion on  Modulus  of  Elasticity  of  Concrete  Using  Brooks- 
ville  Limestone 
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Figure  10.2  Influence  of  Water/Cement  Ratio  and  Moist  Curing  Dura- 
tion on  Modulus  of  Elasticity  of  Concrete  Using  Dense 
Limestone 
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Figure  10.3  Influence  of  Water/Cement  Ratio  and  Moist  Curing  Dura- 
tion on  Modulus  of  Elasticity  of  Concrete  Using  River 
Gravel 
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Figure  10.4  Influence  of  Aggregate  Type  and  Moist  Curing  Duration  on 
Modulus  of  Elasticity  of  Concrete  at  W/C  =  0.33 
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Figure  10.5  Influence  of  Aggregate  Type  and  Moist  Curing  Duration  on 
Modulus  of  Elasticity  of  Concrete  at  W/C  =  0.45 
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Figure  10.6  Influence  of  Aggregate  Type  and  Moist  Curing  Duration  on 
Modulus  of  Elasticity  of  Concrete  at  W/C  =  0.53 
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2.  The  effects  of  the  three  water-cement  ratios  are  significantly 
different  from  each  other.  The  modulus  of  elasticity  increases 
as  the  water-cement  ratio  decreases. 

3.  The  age  of  moist-cured  concrete  does  affect  the  modulus  of  elas- 
ticity. The  elastic  modulus  increases  with  moist  curing  dura- 
tion. 

4.  For  a  fixed  water-cement  ratio,  changes  in  cement  content  do  not 
affect  the  modulus  of  elasticity  of  concrete  significantly. 


CHAPTER  11 

COEFFICIENT  OF  LINEAR  THERMAL  EXPANSION  OF 

LABORATORY  CONCRETE  SPECIMENS 

11.1  Introduction 

The  factors  affecting  the  coefficient  of  linear  thermal  expansion 
of  concrete  have  previously  been  discussed  in  Chapter  4.  Earlier  in 
Chapter  2,  the  components  of  thermal  expansion  were  presented  and 
elucidated. 

The  results  of  the  coefficient  of  linear  thermal  expansion  of 
water-saturated  and  over-dried  laboratory  concrete  specimens  and  statis- 
tical analyses  performed  are  presented  in  this  chapter. 

11.2  Experimental  Results 

Tables  11.1  and  11.2  displays  the  results  of  the  coefficient  of 
linear  thermal  expansion  test  on  water-saturated  and  oven-dried  labora- 
tory concrete  specimens,  respectively. 

11.3  Analysis  of  Results 
11.3.1  Analysis  of  Means 

Initially,  both  the  means  of  the  water-saturated  and  oven-dried 
test  results  were  analyzed  using  the  Student's  T  test  to  determine 
whether  or  not  there  is  difference  between  the  two  measurements.  A 
single-sample  analysis  was  applied  to  the  difference  between  the  water- 
saturated  and  oven-dried  measurements.  The  same  experimental  unit 
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(concrete  specimen)  was  used  in  the  measurement  of  water-saturated  and 
oven-dried  treatment  responses. 

The  subprogram  PROC  MEANS  within  the  SAS/SAT  software  was  used  to 
analyze  the  difference  between  the  water-saturated  and  oven-dried  condi- 
tions. The  results  are  presented  in  Table  11.3.  The  analysis  result 
shows  the  value  of  t  =  -6.79  has  a  significance  probability  of  P  = 
0.0001.  This  means  that  there  is  a  difference  in  the  coefficient  of 
linear  thermal  expansion  of  the  water-saturated  and  oven-dried  condi- 
tion. Since  the  mean  of  the  difference  is  negative  (-0.39116505),  the 
value  of  the  coefficient  of  thermal  expansion  under  oven-dry  condition 
is  significantly  higher  than  that  under  saturated  condition. 

Table  11.4  presents  the  mean,  standard  error  of  the  mean,  and  95% 
confidence  interval  for  the  test  results  of  water-saturated  and  oven- 
dried  conditions.  The  Z  statistic  was  used  to  compute  the  confidence 
intervals  because  the  sample  size  is  large  (greater  than  30).  The 
population  variance  was  estimated  from  the  sample  variance.  A  0.95 
confidence  coefficient  was  used  to  determine  the  confidence  limits  pre- 
sented in  the  table. 

11.3.2  ANOVA  Models 

The  ANOVA  models  used  to  analyze  test  results  on  the  water-satu- 
rated and  oven-dried  laboratory  concrete  specimens  are  the  same  as  those 
presented  in  Equations  7.1  and  7.3  in  Chapter  7. 

11.3.3  Results  of  Water-Saturated  Experimental  Design  No.l 

ANOVA  was  performed  on  the  water-saturated  test  results  from  Design 
No.  1,  which  investigated  the  effects  of  aggregate  type,  water-cement 
ratio,  and  curing  duration  on  the  coefficient  of  linear  thermal  expan- 
sion of  water-saturated  laboratory  concrete  specimens.  The  analysis 
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Table  11.3  Result  of  PROC  MEANS  on  Paired  Comparison  of 
Single  Sample  Groups 


Variable  =  Coefficient  of  expansion  of  Water- 
Saturated  Specimen  Minus  Coefficient  of 
expansion  of  Oven-Dried  Specimen 

Mean  =  -0.39116505 

Standard  Deviation  =  0.58454323 

Standard  Error  of  Mean  -  0.05759676 

T  Statistic  =  -6.79 

Significance  Probability  =  0.0001* 


*  Significant  at  a  -   0.01  level 
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results  are  summarized  in  Table  11.5.  Only  the  effect  of  aggregate  type 
is  significant. 

Table  11.6  presents  the  results  of  Duncan's  test  performed  on  the 
aggregate  type  at  5%  alpha  level.  The  effects  of  the  three  aggregates 
are  significantly  different  from  one  another.  River  gravel  produces  the 
highest  coefficient  followed  by  dense  limestone  and  Brooksville  lime- 
stone. The  mean  coefficient  of  expansion  of  river  gravel  is  about  11% 
and  19%  higher  than  dense  limestone  and  Brooksville  limestone,  respec- 
tively. 

11.3.4  Results  of  Water-Saturated  Experimental  Design  No.  5 

This  design  investigated  the  effects  of  cement  content  and  moist 
curing  duration  on  the  response  variable.  Table  11.7  shows  the  result 
of  the  ANOVA  performed  on  the  test  data.  The  effects  of  the  cement  con- 
tent and  curing  duration  are  shown  to  be  insignificant. 

11.3.5  Results  of  Water-Saturated  Experimental  Design  No.  6 

ANOVA  was  performed  on  the  test  result.  The  analysis  result  is 
summarized  in  Table  11.8.  Neither  the  effect  of  the  cement  content  nor 
the  moist  curing  duration  is  shown  to  be  significant. 

11.3.6  Graphical  Presentation  of  Means  from  Water-Saturated  Test 
Figures  11.1  through  11.3  illustrate  the  means  of  the  coefficient 

of  linear  thermal  expansion  of  water-saturated  concrete  for  each  of  the 
three  types  of  aggregates  at  water-cement  ratios  of  0.33,  0.45,  and 
0.53,  respectively. 

11.3.7  Results  of  Oven-Dried  Experimental  Design  No.  1 

The  results  of  the  ANOVA  performed  on  data  obtained  from  oven-dried 
experimental  Design  No.  1  are  summarized  in  Table  11.9.  Aggregate  type, 
moist  curing  duration,  and  their  interaction  are  highly  significant. 
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Table  11.5       Results  of  ANOVA  on  Data  from  Coefficient  of  Linear 
Thermal    Expansion  Test  on  Water-Saturated  Concrete 
Specimen   in  Design  No.   1 


Source  of 

Variation 

df 

SS 

MS 

F 

P 

A 

2 

18.40E-12 

9.20E-12 

34.10 

0.0001** 

E 

2 

0.84E-12 

0.42E-12 

1.56 

0.2616 

AE 

4 

1.43E-12 

0.36E-12 

1.33 

0.3309 

B(A*E) 

9 

2.43E-12 

0.27E-12 

- 

- 

D 

1 

0.22E-12 

Q.22E-12 

0.51 

0.4936 

AD 

2 

0.03E-12 

0.02E-12 

0.04 

0.9651 

EO 

2 

0.10E-12 

0.05E-12 

0.12 

0.8875 

AED 

4 

1.46E-12 

0.36E-12 

0.85 

0.5304 

BD(A*E) 

9 

3.87E-12 

0.43E-12 

5.85 

0.0001** 

e 

67 

4.93E-12 

0.07E-12 

- 

- 

R-Square  =  0.858281 

**  Significant  at  a  =  0.01   level. 
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Table  11.6       Grouping  of  Aggregate  Type  by  Means  of  Coefficient  of 
Linear  Thermal   Expansion  of  Water-Saturated  Concrete 
from  Duncan's  Test   [Design  No.   1] 


Alpha  =  0.05         DF 

Aggregate  Type 
River  Gravel 
Dense  Limestone 
Brooksville  Limestone 


Note:  Means  with  different  letters  are  significantly  different, 


=9         MSE  =  0. 

27E 

-6 

Mean 

Grouping* 

6.49  x   10"  /°F 

A 

5.83  x   10"6/°F 

B 

5.44  x   10"6/°F 

C 
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Table  11.7       Results  of  ANOVA  on  Data  from  Coefficient  of  Linear 
Thermal   Expansion  Test  on  Water-Saturated  Concrete 
Specimen   in  Design  No.   5 


Source  of 

Variation 

df 

SS 

MS 

F 

P 

C 

1 

0.01E-12 

0.01E-12 

0.01 

0.9243 

B(C) 

2 

1.75E-12 

0.88E-12 

- 

- 

D 

1 

O.OOE-12 

O.OOE-12 

0.02 

0.8955 

CD 

1 

0.39E-12 

0.39E-12 

1.74 

0.3184 

BD(C) 

2 

0.44E-12 

0.22E-12 

2.14 

0.1606 

e 

12 

1.22E-12 

0.10E-12 

- 

- 

R-Square  =  0.698061 
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Table  11.8   Results  of  ANOVA  on  Data  from  Coefficient  of  Linear 
Thermal  Expansion  Test  on  Water-Saturated  Concrete 
Specimen  in  Design  No.  6 


Source  of 

Variation 

df 

SS 

MS 

F 

P 

C 

1 

0.04E-12 

0.04E-12 

0.09 

0.7966 

B(C) 

2 

0.82E-12 

0.41E-12 

- 

- 

D 

1 

0.01E-12 

0.01E-12 

0.18 

0.7147 

CD 

1 

0.21E-12 

0.21E-12 

3.10 

0.2204 

BD(C) 

2 

0.59E-12 

0.04E-12 

1.65 

0.2265 

e 

14 

0.59E-12 

0.04E-12 

- 

- 

R-Square  =  0.673171 


203 


W/C=0.33 


28-DAY 
90-DAY 


UJ 


Q 
UJ 


LU 
5 


O 

55 
z 
< 

X 

UJ 


UJ 

8 


6- 


4  - 


2  - 


BL 


DL 


TYPE  OF  AGGREGATE 


Figure  11.1  Influence  of  Aggregate  Type 
Coefficient  of  Expansion  of 
W/C  -  0.33 
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Figure  11.2  Influence  of  Aggregate  Type 
Coefficient  of  Expansion  of 
W/C  =  0.45 
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Figure  11.3  Influence  of  Aggregate  Type  and  Moist  Curing  Duration  on 
Coefficient  of  Expansion  of  Water-Saturated  Concrete  at 
W/C  =0.53 
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Table  11.9   Results  of  ANOVA  on  Data  from  Coefficient  of  Linear 

Thermal  Expansion  Test  on  Oven-Dried  Concrete  Specimens 
in  Design  No.  1 


Source  of 

Variation  df  SS  MS 


A 

2 

43.85E-12 

21.93E-12 

52.23 

0.0001** 

E 

2 

0.10E-12 

0.05E-12 

0.12 

0.8845 

Ah 

4 

4.37E-12 

1.09E-12 

2.60 

0.1076 

3(A*E) 

9 

3.78E-12 

0.42E-12 

- 

- 

D 

1 

2.75E-12 

2.75E-12 

11.08 

0.0088** 

AD 

2 

5.17E-12 

2.59E-12 

10.41 

0.0046 

ED 

2 

0.13E-12 

0.07E-12 

0.26 

0.7799 

AED 

4 

1.91E-12 

0.48E-12 

1.92 

0.1906 

BD(A*E) 

9 

2.24E-12 

0.25E-12 

2.54 

0.0136* 

e 

72 

7.04E-12 

0.10E-12 

- 

- 

R-Square  =   0.901342 
*     Significant  at   a  =  0.05  level. 
**     Significant  at  a  =  0.01  level. 
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A  comparison  of  means  of  the  significant  effects  by  Duncan  multiple 
range  test  at  5%  probability  of  error  level  was  performed  and  the  re- 
sults summarized  in  Table  11.10.  At  28-day  moist  curing  duration,  all 
the  three  aggregates  are  significantly  different  from  each  other.  At 
age  of  90-days,  concrete  made  with  Brooksville  limestone  and  dense  lime- 
stone do  not  show  significant  difference  in  the  value  of  the  coefficient 
of  linear  expansion.  However,  the  river  gravel  produced  significantly 
higher  value  than  the  other  two  aggregate  types. 

11.3.8  Results  of  Experimental  Design  No.  5 

ANOVA  was  performed  on  the  test  result  of  Design  No.  2,  which 
studied  the  effects  of  cement  content  and  moist  curing  duration  given 
water-cement  ratio  of  0.53  and  Brooksville  limstone.  The  outcome  of  the 
analysis  is  summarized  in  Table  11.11.  None  of  the  two  effects  is  c. 
nificant. 

11.3.9  Results  of  Experimental  Design  No.  6 

The  purpose  of  this  design  is  the  same  as  that  of  Design  No.  2  ex- 
cept that  the  water-cement  ratio  is  0.45.  The  result  was  analyzed  using 
ANOVA  procedure  in  SAS/STAT  software.  Table  11.12  summarizes  the  analy- 
sis result.  All  the  effects  are  insignificant. 

11.3.10  Graphical  Presentation  of  Means  from  Oven-Dried  Test 

The  means  of  the  coefficient  of  linear  thermal  expansion  of  oven 
dried  concrete  for  each  type  of  aggregate  at  water-cement  ratios  of 
0.33,  0.45,  and  0.53  are  plotted  in  Figures  11.4  through  11.6,  respec- 
tively. 
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Table  11.10  Grouping  of  Aggregate  Type  by  Means  of  Coefficient  of 
Linear  Thermal  Expansion  of  Oven-Dried  Concrete  from 
Duncan's  Test  [Design  No.  1] 


Duration  =  28-day:  Alpha  =  0.05    DF  =  9    MSE  =  0.42E-6 
Duration  =  90-day:  Alpha  =  0.05    DF  =  9    MSE  =  0.39E-6 


Moist  Curing 

Duration 

Aggregate  Type 
River  Gravel 

Mean 
7.63  x  10"6/°F 

Grouping* 

28  -  day 

A 

Dense  Limestone 

6.14  x   10"6/°F 

B 

Brooksville  Limestone 

5.64  x   10'6/°F 

C 

90  -  day 

River  Gravel 

6.77  x   10"6/°F 

A 

Brooksville  Limestone 

5.85  x   10"6/°F 

B 

Dense  Limestone 

5.83  x   10"6/°F 

B 

Note:  Means  at  each  moist  curing  duration  with  the  same  letter 
are  not  significantly  different. 
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Table  11.11  Results  of  ANOVA  on  Data  from  Coefficient  of  Linear 

Thermal  Expansion  Test  on  Oven-Dried  Concrete  Specimens 
in  Design  No.  5 


Source  of 

Variation      df        SS        MS 


c 

1 

0.26E-12 

0.26E-12 

0.30 

0.6401 

B(C) 

2 

1.72E-12 

0.86E-12 

- 

- 

D 

1 

1.49E-12 

1.49E-12 

2.56 

0.2505 

CD 

1 

0.08E-12 

0.08E-12 

0.14 

0.7406 

BD(C) 

2 

1.16E-12 

0.58E-12 

5.43 

0.0179* 

e 

14 

1.50E-12 

0.11E-12 

- 

- 

R-Square  =  0.751944 

*  Significant  at  a  =   0.05  level. 
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Table  11.12  Results  of  ANOVA  on  Data  from  Coefficient  of  Linear 

Thermal  Expansion  Test  on  Oven-Dried  Concrete  Specimens 
in  Design  No.  6 


Source  of 

Variation  df  SS  MS        F       P 

C  1  0.29E-12  0.29E-12    0.28   0.6471 

8(C)  2  2.01E-12  1.00E-12 


D 

1 

0.00E-12 

0.00E-12 

0.00 

0.9799 

CD 

I 

0.55E-12 

0.55E-12 

0.79 

0.4681 

8D(C) 

2 

1.39E-12 

0.69E-12 

7.81 

0.0047** 

e 

15 

1.33E-12 

0.09E-12 

- 

- 

R-Square  =  0.767649 

**  Significant  at  a  =   0.01  level. 
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Figure  11.4  Influence  of  Aggregate  Type  and  Moist  Curing  Duration  on 
Coefficient  of  Expansion  of  Oven-Dried  Concrete  at  W/C  = 
0.33 
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Figure  11.5  Influence  of  Aggregate  Type  and  Moist  Curing  Duration  on 
Coefficient  of  Expansion  of  Oven-Dried  Concrete  at  W/C  * 
0.45 
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Figure  11.6  Influence  of  Aggregate  Type  and  Moist-Curing  Duration  on 
Coefficient  of  Expansion  of  Oven-Dried  Concrete  at  W/C  = 
0.53 
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11.4  Summary  of  Findings 
The  findings  from  the  coefficient  of  linear  thermal  expansion  test 
are 

1.  Aggregate  type  has  some  effect  on  the  coefficient  of  linear 
thermal  expansion  of  water-saturated  and  oven-dried  concrete. 
At  water-saturated  condition,  all  the  three  aggregates  show 
significant  difference  from  each  other.  The  river  gravel  has 
the  highest  coefficient  of  expansion  and  Brooksville  limestone 
the  least.  Under  the  oven-dried  condition,  all  the  three  aggre- 
gates are  significantly  different  from  one  another  at  28-day 
moist-cured  age.  The  river  gravel  produces  the  highest  coeffi- 
cient followed  by  dense  limestone  and  Brooksville  limestone  has 
the  least.  At  90-day  moist-cured  age,  the  Brooksville  limestone 
and  dense  limestone  do  not  show  any  significant  difference  from 
each  other.  The  river  gravel,  however,  gives  significantly 
higher  coefficient  of  thermal  expansion  than  the  other  two 
aggregates. 

2.  The  water-cement  ratio  and  the  cement  content  did  not  show  any 
effect  on  the  coefficient  of  linear  thermal  expansion. 

3.  The  moist-curing  duration  does  affect  the  coefficient  of  linear 
thermal  expansion  in  oven-dried  condition  but  not  in  water-satu- 
rated condition.  The  coefficient  of  thermal  expansion  of  con- 
crete in  oven-dried  condition  is  signficantly  higher  at  28-day 
moist  curing  than  that  at  90-day  moist  curing. 


CHAPTER  12 
COEFFICIENT  OF  MOISTURE  EXPANSION  OF  LABORATORY  CONCRETE  SPECIMENS 


12.1  Introduction 


The  effects  of  moisture  on  laboratory  concrete  were  determined  by 
measuring  the  length  change  of  the  concrete  specimens  from  oven-dried 
condition  to  various  degrees  of  saturation  of  the  concrete.  The  length 
of  the  test  specimens  were  measured  at  the  oven-dried  condition,  fully 
saturated  condition  and  partially  saturated  condition. 

All  readings  were  recorded  at  77°F  air  temperature..  Readings  were 
corrected  accordingly  in  cases  of  ambient  temperature  deviations. 

This  chapter  presents  the  method  of  calculation  and  results  of  mea- 
surement of  length  change  due  to  moisture  effects  on  laboratory  concrete 
specimens. 

12.2  Calculation  of  Coefficient  of  Moisture  Expansion 
The  coefficient  of  moisture  expansion  is  defined  as  the  length 
change  per  unit  length  of  a  concrete  as  the  moisture  content  increases 
from  oven-dried  to  fully  saturated  condition.  It  is  calculated  as 

Coefficient  of  Lsat  "  Loven 

Moisture  Expansion  ,  U'»JJ 

oven 

where: 

'-sat  =  Length  at  water-saturated  condition 
'-oven  =  Lengtn  at  oven-dried  condition 
Table  12.1  summarizes  the  results  of  moisture  expansion  test. 
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12.3  Analysis  of  Results 

12.3.1  Results  of  Experimental  Design  No.  1 

The  objective  was  to  study  the  effects  of  aggregate  type,  water- 
cement  ratio,  and  curing  duration  on  the  moisture  expansion  of  concrete. 

ANOVA  was  performed  on  the  moisture  expansion  test  data  from  Design 
No.  1  using  the  ANOVA  model  presented  in  Equation  7.1.  The  ANOVA  re- 
sults are  summarized  in  Table  12.2. 

The  aggregate  type  and  curing  duration  main  effects  are  found  to  oe 
significant  at  1%   probability  of  error  level.  The  moisture  expansion  of 
concrete  was  found  to  decrease  with  age  of  moist-curing  from  a  mean  of 
3.52E-04  for  28-day  to  2.65E-04  for  90-day.  Table  12.3  shows  the  re- 
sults of  Duncan's  multiple  comparison  range  test.  River  gravel  and 
Brooksville  limestone  mean  moisture  expansion  coefficient  are  not  sig- 
nificantly different  from  each  other  and  are  about  58%  higher  than  t 
of  the  dense  limestone. 

Since  Design  No.  1  includes  Design  Nos.  2  through  4,  separate  anal- 
yses of  data  from  Design  Nos.  2,  3  and  4  were  not  necessary. 

12.3.2  Results  of  Experimental  Design  No.  5 

The  ANOVA  results  for  Design  No.  5,  which  studied  the  effects  of 
cement  content  and  moist-curing  duration  on  the  coefficient  of  moisture 
expansion  using  a  fixed  water-cement  ratio  of  0.53,  Brooksville  lime- 
stone, and  cement  content  of  508  and  564  lb.  per  cubic  yard,  are  pre- 
sented in  Table  12.4.  The  model  used  in  the  analysis  is  as  expressed  by 
Equation  7.3.  The  effects  of  the  cement  content  and  curing  duration 
were  found  not  to  be  significant. 
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Table  12.2   Results  of  ANOVA  on  Data  from  Moisture  Expansion  of 
Concrete  Specimens  in  Design  No.  3 


Source  of 

Variation  df  SS  MS 


A 

2 

25.44E-08 

12.72E-08 

15.93 

0.0016** 

E 

2 

0.34E-08 

0.17E-08 

0.22 

0.8108 

AE 

4 

7.46E-08 

1.87E-08 

2.34 

0.1428 

B(A*E) 

3 

6.39E-08 

0.80E-08 

-- 

- 

D 

1 

18.09E-08 

18.09E-08 

20.83 

0.0026* 

AD 

2 

6.41E-08 

3.21E-08 

3.69 

0.0805 

ED 

2 

0.46E-08 

0.23E-08 

0.26 

0.7760 

AED 

4 

3.02E-08 

0.76E-08 

0.87 

0.5271 

BD(A*E) 

7 

6.08E-08 

0.87E-08 

1.42 

0.2130 

e 

65 

39.79E-08 

0.61E-08 

— 

- 

R-Square  =  0.678060 

**     Significant  at  a  =  0.01   level. 
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Table  12.3     Grouping  of  Aggregate  Type  by  Means  of  Coefficient  of 
Moisture  Expansion  from  Duncan's  Test   [Design  No.   1] 


Alpha   =  0.05         DF   =  8         MSE   =  0.80E-4 


Aggregate  Type 

Mean 
3.48  x  10"1* 

Grouping* 

River  Gravel 

A 

Brooksville  Limestone 

3.46  x  10_1+ 

A 

Dense  Limestone 

2.19  x  10"1* 

3 

*  NOTE:  Means  with  the  same  letter  are  not  significantly  different, 
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Table  12.4       Results  of  ANOVA  on  Data  from  Moisture  Expansion  of 
Concrete  in  Design  No.   5 


Source  of 
Variation 

df 

SS 

MS 

F 

P 

C 

B(C) 

1 
2 

0.13E-08 
0.54E-08 

0.13E-08 
0.54E-08 

0.50 

0.5540 

D 

CD 
B0(C) 

1 
1 
1 

0.44E-08 
0.66E-08 
0.15E-08 

0.44E-08 
0.66E-08 
0.15E-08 

3.00 
4.44 
0.04 

0.3334 
0.2820 
0.8367 

e 

11 

35.46E-08 

3.31E-08 

-- 

-- 

R-Square  =  0.071703 
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12.3.3  Results  of  Experimental  Design  No.  6 

ANOVA  was  performed  on  the  data  in  Design  No.  6,  which  studied  the 
effects  of  cement  content  (564  and  658  lb.  per  cubic  yard)  and  moist- 
curing  duration  given  a  water-cement  ratio  of  0.45  and  Brooksville  lime- 
stone. The  results  of  ANOVA  are  summarized  in  Table  12.5. 

The  analysis  results  shows  that  the  effects  of  cement  content  and 
moist-curing  duration  are  not  significant. 

12.3.4  Results  of  Experimental  Design  No.  7 

The  results  of  analysis  of  variance  performed  on  the  data  in  Design 
No.  7,  which  studied  the  effects  of  water-cement  ratio  and  moist-curing 
duration  on  the  coefficient  of  moisture  expansion  using  Brooksville 
limestone  and  a  fixed  cement  content  of  658  Ib/cy,  are  summarized  in 
Table  12.6. 

The  effect  of  cement  content  is  found  to  be  insignificant.  How- 
ever, the  effect  of  the  moist-curing  duration  is  shown  to  be  signifi- 
cant. At  28-day,  the  coefficient  of  moisture  expansion  is  about  17% 
higher  than  at  90-day  (3.51E-04  versus  3.01E-04). 

12.3.5  Graphical  Presentation  of  Means 

The  means  of  the  coefficient  of  moisture  expansion  for  each  aggre- 
gate type  at  water-cement  ratios  of  0.33,  0.45,  and  0.53  are  respective- 
ly shown  in  Figures  12.1  through  12.3. 

12.4  Summary  of  Findings 
The  following  are  findings  from  the  coefficient  of  moisture  expan- 
sion test: 

1.  Aggregate  type  has  some  effect  on  the  coefficient  of  moisture 
expansion  of  concrete.  Concrete  made  with  river  gravel  and 
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Table  12.5   Results  of  ANOVA  on  Data  from  Moisture  Expansion  of 
Concrete  in  Design  No.  6 


Source  of 

Variation  df  SS  MS        F       P 

C  1  0.10E-08  0.10E-08    0.17   0.7205 

B(C)  2  1.23E-08  0.61E-08 


0 

1 

1.93E-08 

1.93E-08 

2.11 

0.3838 

CD 

1 

0.14E-08 

0.14E-08 

0.15 

0.7638 

BD(C) 

1 

0.91E-08 

0.91E-08 

5.04 

0.0414* 

14       2.54E-08     0.18E-08 


R-Square  =  0.642233 

*     Significant  at  a  =  0.05  level. 
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Table  12.6       Results  of  ANOVA  on  Data  from  Moisture  Expansion  of 
Concrete  in  Design  No.   7 


Source  of 
Variation 

df 

SS 

MS 

F 

P 

C 
B(C) 

1 
2 

0.59E-08 
1.35E-08 

0.59E-08 
0.67E-08 

0.87 

0.4503 

D 

CD 
BD(C) 

1 

1 
1 

1.26E-08 
0.03E-08 
5.33E-12 

1.26E-08 
0.03E-08 
5.33E-12 

2360.17 

63.02 

0.00 

0.0131* 

0.0798 

0.9571 

e 

14 

2.49E-08 

0.1SE-08 

-- 

-- 

R-Square  -  0.575573 

*     Significant  at  a  =  0.05  level. 
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Figure  12.1     Influence  of  Aggregate  Type  and  Moist-Curing  Duration 


on  the  Coefficient  of  Moisture 
W/C   =  0.33 
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Figure  12.2     Influence  of  Aggregate  Type  and  Moist-Curing  Duration 
on  the  Coefficient  of  Moisture  Expansion  of  Concrete  at 
W/C  =  0.45 
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Figure  12.3  Influence  of  Aggregate  Type  and  Moist-Curing  Duration 
on  the  Coefficient  of  Moisture  Expansion  of  Concrete  at 
W/C  =  0.53 
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Srooksville  limestone  have  average  coefficients  of  moisture 
expansion  of  3.48E-4  and  3.46E-4,  while  concrete  made  with  dense 
limestone  has  an  average  coefficient  of  moisture  expansion  of 
2.19E-4. 

2.  The  moist-curing  duration  has  a  significant  effect  on  the  coef- 
ficient of  moisture  expansion.  The  coefficient  of  moisture 
expansion  generally  decreases  as  the  moist-curing  duration 
increases. 

3.  The  water-cement  ratio  and  cement  content  have  no  significant 
effect  on  the  coefficient  of  moisture  expansion  of  concrete. 


CHAPTER  13 
RESULTS  OF  IN-SERVICE  CONCRETE  STUDY 


13.1  Introduction 


Concrete  core  samples  obtained  from  three  existing  concrete  pave- 
ment highways  in  Florida  were  tested.  The  highways  are  1-10,  1-75,  and 
U.S.  41  (Econocrete  Test  Road).  The  locations  from  which  the  concrete 
samples  were  obtained  are  presented  in  Table  13.1. 

The  tests  performed  were  compressive  strength,  splitting  tensile 
strength,  modulus  of  elasticity,  coefficient  of  linear  thermal  expan- 
sion, and  coefficient  of  moisture  expansion. 

This  chapter  presents  the  results  of  the  study  on  in-service  con 
crete. 

13.2  Compressive  Strength  Test  Results 
Eleven  concrete  cores  from  Sites  2,  3,  5,  and  6  were  used  in  this 
test.  The  heights  of  the  concrete  cores  after  preparation  ranged  from  9 
inches  for  Sites  2  and  3,  to  11.50  inches  for  Sites  5  and  6.  The  diame- 
ter of  the  cores  was  approximately  5  11/15  inches.  The  test  and  com- 
pressive strength  computation  were  performed  according  to  ASTM  Standar  ' 
Test  Method  C39-83b. 

The  results  of  the  compressive  strength  test  on  the  in-service  con- 
crete are  presented  in  Table  13.2.  Test  results  show  that  the  compres- 
sive strength  of  the  four  sites  range  from  5,000  psi  to  6,000  psi. 
Values  of  two  defective  cores  from  Site  3  were  not  used  in  averaging. 
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Table  13.1     Sites  of   In-Service  Concrete  Pavement  Study 


Highway 


Site 
No.       County 


Direction 


Milepost 


Approx. 
Core  Height 


1-75 


1  Sarasota 


Southbound 


212.56 
(Federal ) 


6  Hillsborough  Northbound 


24.50 
(County) 


9  inches 


2 

Sarasota 

Southbound 

202.50 
(Federal ) 

9 

inc 

3 

Manatee 

Southbound 

223.80 
(Federal ) 

9 

inches 

4 

Manatee 

Southbound 

229.80 
(Federal ) 

9 

inches 

5 

Hillsboroi 

igh 

Northbound 

21.30 
(County) 

12- 

■13 

incher 

12-13  inches 


U.S.  41 
(Econocrete 

7 

Charlotte 

Southbound 

Station 
175+00 

12-13  inches 
(Composite) 

Test 
Road) 

8 

Charlotte 

Southbound 

Station 

41  +  00 

12-13  inches 
(Composite) 

9 

Charlotte 

Southbound 

Station 
129+00 

12-13  inches 
(Composite) 

1-10 

10 

Leon 

Westbound 

212.20 
(Federal ) 

10  inches 

11 

Jefferson 

Westbound 

231.00 
(Federal ) 

10  inches 

231 


Table  13.2  Compressive  Strength  of  In-Service  Pavement  Concrete 


Highway 
(Direction) 

Milepost 
(F/O* 

Site 

Slab 

Core 

Compressive 
per  core 

Strength  (psi) 
per  site 

1-75 

202.5 
(F) 

2 

1 

3 

5834 

6008 

(Southbound) 

3 

2 

6181 

223.8 
(F) 

3 

1 

2 

1989** 

2 

3 

5017 

5017 

3 

2 

2062** 

1-75 

21.3 
(C) 

5 

2 

3 

5629 

(Northbound) 

4 

5 

3 

1 

5869 
5833 

5939 

2 

6424 

24.5 
(C) 

6 

3 

2 

5755 

5627 

4 

1 

5499 

*  F  =  Federal  milepost 
C  =  County  milepost 


** 


Defects  in  core  samples.  Values  not  used  in  averaging. 
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According  to  the  1986  Florida  Department  of  Transportation  Standard 
Specifications  for  Road  and  Bridge  Construction  [40],  a  Class  I  concrete 
used  for  concrete  pavement  is  required  to  have  a  minimum  28-day  compres- 
sive strength  of  3,000  psi.  Although  the  test  results  are  not  for  28- 
day  age,  it  appears  that  the  strength  of  the  concrete  has  exceeded  the 
minimum  requirement  of  the  FDOT  specifications. 

13.3  Splitting  Tensile  Strength  Test  Results 
Seventy  Seven  (77)  concrete  samples  obtained  from  Sites  1  through 
were  tested  according  to  ASTM  C496-71.  The  length  of  the  prepared  sam- 
ples measured  between  5  3/4  inches  for  Site  1  and  11  1/2  inches  for 
Sites  5  and  6.  The  diameter  of  the  samples  was  approximately  5  11/16 
inches. 

Table  13.3  shows  the  results  of  the  splitting  tensile  strength  tes1 
performed  on  the  in-service  concrete  samples.  Test  results  for  the  I-/ 
concrete  pavement  range  from  400  to  500  psi.  These  values  are  about  8 
percent  of  the  compressive  strength.  Generally,  the  splitting  tensile 
strength  values  are  about  10  percent  of  the  compressive  strength.  The 
Site  5  shoulder  core  samples  yielded  a  relatively  higher  tensile 
strength  than  the  slab  cores. 

The  splitting  tensile  strengths  of  the  econocrete  samples  from  the 
Econocrete  Test  Road  range  from  about  170  to  320  psi.  On  the  average, 
splitting  tensile  strengths  of  the  econocrete  samples  are  about  half  of 
those  of  the  concrete  samples  from  1-75  highway. 
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Table  13.3     Mean  Splitting  Tensile  Strength  of   In-Service  Pavement 
Concrete 


Highway 

Milepost 

Site 

Slab 

C 

ore 

Spl 

itting  Tensile 

Strength  (psi) 

(Direction) 

(F/O* 

per  core 

per  site 

1-75 

212.56 

1 

1 

1 

2 

449 
459 

(Southbound) 

(F) 

3 

470 

3 

1 

461 

2 

455 

3 

473 

4 

1 

453 

2 

362 

432 

3 

384 

5 

1 

432 

2 

396 

3 

394 

Should 

er 

1 

3 
4 
5 

590 
510 
484 
528 

528 

202.50 

2 

1 

1 

432 

(F) 

2 

315 

2 

1 

443 

2 

527 

448 

3 

442 

3 

3 

526 

Should 

er 

3 

3 

438 
350 

394 

223.80 

3 

1 

1 

489 

(F) 

3 

486 

2 

1 

473 

2 

412 

457 

3 

1 

471 

3 

424 
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Table  13.3     continued 


Spl" 

itti 

ng 

Highway 

Milepost 
(F/O* 

Site 

Slab 

Core 

Tensile 

Strength  (psi) 

(Direction) 

per  core 

per  site 

4 

1 

2 
3 

455 
443 
459 

Should 

er  1 
3 

312 
374 

343 

229.80 

4 

2 

1 
2 
3 

386 
442 
400 

3 

1 

357 

2 

398 

407 

3 

387 

4 

1 

425 

2 

430 

3 

438 

1-75 

21.30 

5 

1 

1 
2 

500 
547 

(Northbound) 

(C) 

3 

496 

2 

1 

383 

2 

413 

493 

4 

1 

516 

2 

505 

5 

3 

583 

Should' 

2T  1 
2 

4 
5 

516 
628 
579 
588 

578 

24.50 

6 

1 

1 
2 

404 
596 

(C) 

3 

577 

2 

1 

521 

2 

498 

503 

3 

475 
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Table  13.3  continued 


Highway 
(Direction) 

Milepost 
(F/O* 

Site 

Slab 

Core 

Spl 
Tensile 

per  core 

ittin 
Stren 

9 

gth  (psi) 

per  site 

3 

1 
3 

539 
459 

503 

4 

2 

478 

5 

2 

479 

U.S.  41 
(Southbound) 

Station 
175+00 

7 

1 

1 
3 

256 
320 

284 

3 

1 
2 

270 
291 

Station 
41+00 

8 

12 

13 
14 
15 

203 
189 
224 
204 

205 

Station 
129+00 

9 

3 

3 

181 

5 

2 

3 

173 
211 

188 

*  F  =  Federal  milepost 
C  =  County  milepost 
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13.4  Static  Modulus  of  Elasticity  Test  Results 
Six  concrete  core  samples  from  Sites  2,  5,  and  6  were  tested  ac- 
cording to  ASTM  C469-83. 

The  test  results  are  summarized  in  Table  13.4.  The  elastic  moduli 
range  from  4.25  x  10  to  4.82  x  10  psi. 

Table  13.5  presents  the  comparison  of  the  measured  elastic  moduli 
and  the  estimated  values  based  on  the  ACI  prediction  equation  using  an 

3 

assumed  unit  weight  of  145  lb/ft  .  The  test  data  and  the  computed  val- 
ues are  generally  in  agreement. 

13.5  Results  of  Linear  Thermal  Expansion  of  In-Service  Concrete 
Thirty  five  (35)  core  samples  from  1-10,  1-75,  and  U.S.  41  (Econo- 
crete  Test  Road)  were  tested  under  water-saturated  and  oven-dried  condi- 
tions to  determine  the  coefficient  of  linear  thermal  expansion.  The 
test  results  of  the  water-saturated  and  oven-dried  coefficient  of  linea 
thermal  expansion  of  the  in-service  concrete  are  presented  in  Tables 
13.5  and  13.7,  respectively.  At  the  water-saturated  condition,  the  co- 
efficients of  linear  thermal  expansion  of  the  concrete  from  Sites  2  (I- 
75)  and  3  (U.S.  41)  are  significantly  higher  than  those  from  the  other 
sites.  Also,  the  coefficient  of  thermal  expansion  of  the  core  samples 
from  the  shoulder  of  Site  5  is  significantly  higher  than  the  average  val 
ue  of  the  pavement  concrete  samples  from  the  same  site.  The  mean  coef- 
ficient of  linear  thermal  expansion  per  site  under  water-saturated  con- 
dition range  from  5.52  x  10"  in/in/°F  for  Site  1  to  9.83  x  10"  in/in/°F 
for  Site  8. 

Under  the  oven-dried  condition,  the  mean  coefficient  of  linear 

_6 

thermal  expansion  per  site  range  from  3.39  x  10   for  Site  6  to  7.22 
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Table  13.4     Modulus  of  Elasticity  of   In-Service  Pavement  Concrete 


Highway 
(Direction) 

Milepost 
(F/O* 

Site 

Slab 

Core 

Modulus  of  El 
per  core 

asticity  (psi) 
per  site 

1-75 

202.50 

(F) 

2 

2 

3 

4.67  x  106 

4.63  x  106 

(Southbound) 

3 

3 

4.58  x   106 

1-75  21.30         5  2  1  4.92  x   106 


4.82  x  106 


(Northbound)  (C)  5  3  4.72  x  106 


24.50         6  2  2  4.43  x  106 


4.25  x  106 


(C)  4  2  4.06  x  106 


*     F  =  Federal   milepost 
C  =  County  milepost 
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Table  13.5  Comparison  of  Measured  and  Estimated  Static  Moduli 
of  Elasticity  of  Concrete 


Mean 

ACI  Predicted 

Site 

Compressive 

Test 

Ec  (psi)  (Assume 

Strength 

Ec  (psi) 

w  =  145  lb/ft3) 

2 

6008 

4.63  x  106 

4.47  x  106 

5 

5939 

4.82  x  106 

4.44  x  106 

6 

5627 

4.25  x  106 

4.32  x  106 

23  9 


Table  13.6  Results  of  Coefficient  of  Linear  Thermal  Expansion 
Test  on  Water-Saturated  In-Service  Concrete 


Water-Saturated  Coeffi- 
Highway    Milepost    Site    Slab    Core    cient  of  Linear  Thermal 

,_.   ..  x  /r-/nN+  Expansion  (x  10"  '°F) 

(Direction)  (r/C)* 


per  core 

per  site 

1-75 
(Southbound) 

212.56 
(F) 

1 

2 

1 

2 
3 

5.89 
6.13 
4.55 

5.52 

202.50 
(F) 

2 

3 

1 

9.64 

5 

2 

3 

8.23 

8.95 

8.94 

223.80      3       5      2        6.83 
(F)  3        6.27 


Station 
129+00 


6.55 


229.80 
(F) 

4 

1 

1 
2 
3 

7.37 
6.04 
4.41 

6.18 

5 

1 

6.91 

1-75 
(Northbound) 

21.30 

(C) 

5 

3 

1 
2 
3 

5.60 
6.59 
5.34 

5.84 

Shoulder 

5 

7.13 

7.13 

24.50 
(C) 

6 

5 

1 
3 

7.28 
5.13 

6.21 

U.S.  41 
(Southbound) 

Station 
175+00 

7 

2 

1 
2 

3 

6.77 
6.82 
6.31 

6.63 

Station     8  9        9.84        Q  ^ 

41+00  11        9.82        *'0J 


6.18       6.18 


240 


Table  13.6  continued 


Highway    Milepost 
(Direction)  (F/C)* 


Site 


Slab 


Core 


Water-Saturated  Coeffi- 
cient of  Linear  Thermal 

Expansion  (x  10"  /°F) 


per  core 


per  site 


1-10 
(Westbound) 


212.20 
(F) 


10 


231.00 
(F) 


11 


4 
5 


1 

4 
5 
7 
8 

9 
10 

11 
12 


5.75 
8.08 


6.15 
4.42 
6.18 
6.36 
6.07 
7.40 
6.53 
6.04 
6.71 


6.91 


6.21 


*  F  =  Federal  milepost 
C  =  County  milepost 
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Table  13.7     Results  of  Coefficient  of  Linear  Thermal    Expansion 
Test  on  Oven-Dried   In-Service  Concrete 


Highway    f" 
(Direction) 

lilepost 
(F/O* 

Site 

Slab 

Core 

Oven-Dried  Coefficient 
of  Linear  Thermal 

Expansion  x  10"  /°F) 

per  core 

per  site 

1-75 
(Southbound) 

212.56 
(F) 

1 

2 

1 

2 
3 

4.88 
5.10 
2.94 

4.31 

202.50 
(F) 

2 

3 
5 

1 
2 
3 

7.61 
6.86 
7.19 

7.22 

223.80 
(F) 

3 

5 

2 
3 

5.67 
4.47 

5.07 

229.80 
(F) 

4 

1 

1 
2 

3 

3.42 
4.08 
3.85 

5 

1 
2 
3 

3.91 
3.43 
4.57 

3.88 

1-75 
(Northbound) 

21.30 
(C) 

5 

3 

1 
2 
3 

5.11 
5.35 
5.19 

5.22 

Shoulder 

5 

5.05 

5.05 

24.50 
(C) 

6 

4 

5 

3 

1 
3 

3.59 
3.53 
3.04 

3.39 

U.S.  41 
(Southbound) 

Station 
175+00 

7 

2 

1 
2 
3 

4.32 

4.52 
4.77 

4.54 

Station 
41+00 

8 

9 

11 

5.76 
5.63 

5.70 

Station 
129+00 

9 

4 

3 

4.99 
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Table  13.7  continued 


Highway    Milepost    Site    Slab    Core 
(Direction)  (F/C)* 


Oven-Dried  Coefficient 
of  Linear  Thermal 

Expansion  (x  10"  /°F) 


per  core 


per  site 


1-10 


(Westbound) 


212.20 
(F) 


10 


1 
2 
3 
4 
5 
5 
7 
9 

11 
12 
13 
14 
15 


3.87 
4.89 
2.88 
4.53 
4.48 
2.69 
3.37 
5.11 
4.66 
4.02 
2.50 
3.76 
4.83 


3.97 


231.00 
(F) 


1 

2 

3 

4 

5 

5 

7 

8 

10 

11 

12 

13 

14 

15 


3.84 
3.82 
3.95 
4.26 
4.07 
2.01 
3.10 
4.32 
3.80 
5.08 
4.22 
2.55 
2.11 
2.15 


3.52 


*  F  =  Federal  milepost 
C  ■  County  milepost 
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_6 

x  10  in/in/°F  for  Site  2.  The  concrete  samples  from  Site  2  registered 
high  mean  coefficient  of  linear  thermal  expansion  for  both  water-satu- 
rated and  oven-dried  conditions.  The  average  coefficient  for  1-10  con- 

_6 

crete  core  samples  is  about  3.75  x  10  in/in/°F,  which  is  lower  than  all 
the  other  highways. 

The  significance  of  the  difference  between  the  water-saturated  and 
oven-dried  coefficient  of  linear  thermal  expansion  was  tested  by  means 
of  student  T  test  using  the  PROC  MEANS  procedure  of  the  SAS/STAT  soft- 
ware. The  analysis  results  are   summarized  in  Table  13.8.  It  indicat 
that  the  coefficient  of  linear  thermal  expansion  at  the  water-saturated 
condition  is  significantly  higher  than  that  at  the  oven-dried  condition. 

13.6  Results  of  Moisture  Expansion  of  In-Service  Concrete 
The  effects  of  moisture  on  the  in-service  concrete  were  determined 
by  measuring  the  length  change  of  the  specimens  at  the  oven-dried,  ful 
and  partial  saturation  conditions.  The  coefficient  of  moisture  expan- 
sion was  calculated  using  the  formula  presented  as  Equation  12.1. 

The  results  of  measurement  of  length  change  caused  by  the  effects 
of  moisture  on  the  in-service  concrete  are  summarized  in  Table  13.9. 
The  specimens  from  Site  6  in  1-75  (Northbound)  showed  the  least  amount 
of  expansion  due  to  moisture.  With  the  exception  of  specimens  from  Site 
7,  the  econocrete  samples  from  U.S.  41  Econocrete  Test  Road  (Southbour, 
expanded  the  most  due  to  moisture.  The  range  of  the  coefficient  of  mois- 
ture  expansion  for  the  in-service  concrete  range  from  0.72  x  10  in/in 
for  concrete  from  1-75  to  9.59  x  10  in/in  for  the  econocrete  from  U.S. 
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Table  13.8     Results  of  T  Test  on  the  Difference  Between  the  Coefficient 
of  Thermal    Expansion  at  Water-Saturated  and  Oven-Dried 
Conditions 


Variable     =     Coefficient  of  expansion  of  water-saturated  specimen  minus 
coefficient  of  expansion  of  oven-dried  specimen. 


Highway 
(Direction) 

Mean 

Standard 
Deviation 

Standard 
Error 
of  Mean 

T 

^R  >  T 

1-75 
(Southbound) 

1.77 

0.9302 

0.2685 

6.59 

0.0001** 

1-75 
(Northbound) 

1.63 

1.3077 

0.5339 

3.06 

0.0281* 

U.S.  41 
(Southbound) 

2.63 

1.2601 

0.5144 

5.10 

0.0038** 

1-10 
(Westbound) 

2.06 

1.0610 

0.3355 

6.14 

0.0002** 

All 

1.98 

1.1002 

0.1887 

10.50 

0.0001** 

*     Significant   at   a  =  0.05  level. 
**     Significant  at   a  =  0.01  level. 


245 


Table  13.9     Results  of  Moisture  Expansion  Test  on   In-Service  Concrete 


Highway 
(Direction) 

Milepost 
(F/C)* 

Site 

Slab 

Core 

Coefficient 
Expansion 

of  Moisture 

(x  10-") 

per  core 

per 

site 

1-75 
(Southbound) 

212.56 
(F) 

1 

2 

1 
2 

1.64 
1.70 

1.67 

(6.0)+ 

202.50 
(F) 

2 

3 

5 

1 
2 
3 

2.03 
1.35 
1.66 

1.68 

(3.8) 

223.80 
(F) 

3 

5 

2 

3 

2.12 
1.31 

1.72 

(5.9) 

229.80 
(F) 

4 

1 

1 
2 
3 

1.39 
2.10 
1.65 

1.77 

(5.3) 

5 

1 
2 

3 

1.95 
1.50 
2.03 

1-75 

21.30 
(C) 

5 

3 

1 
2 

1.36 
1.07 

1.22 

(5. 

Shoulder 

5 

1.31 

1.31 

(5.0) 

24.50 
(C) 

6 

4 

5 

3 
1 
3 

0.70 
0.90 
0.57 

0.72 

(6.2) 

U.S. 41 

Station 
175+00 

7 

2 

1 
2 
3 

0.75 
1.08 
0.75 

0.86 

(9.0) 

Station 
41+00 

8 

9 
11 

3.53 
4.90 

4.22 

(10." 

Station 
129+00 

9 

4 

3 

9.59 

9.59 

(10.6) 

*     F     =     Federal   milepost 
C     =     County  milepost 
+     Absorbed  moisture   {%  of  oven-dried  weight) 
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41  Econocrete  Test  Road.  The  average  expansion  caused  by  moisture  of 
the  concrete  samples  from  1-75  (Southbound)  is  1.71  x  10  in/in. 


13.7  Graphical  Representation  of  Means 
figures  13.1  through  13.3  show  the  graphical  presentation  of  the 
means  per  site  of,  respectively,  compressive,  splitting  tensile,  and 
modulus  of  elasticity  of  the  in-service  concrete  core  samples.  The  per 
site  mean  values  for  water-saturated,  and  oven-dried  coefficient  of 
linear  thermal  expansion  are  presented  graphically  in  Figures  13.4  and 
13.5.  Finally,  Figure  13.6  is  a  graphical  representation  of  the  means 
of  the  coefficient  of  moisture  expansion. 

13.8  Summary  of  Findings 
The  following  are  observations  from  the  study  of  in-service  con- 
crete specimens: 

1.  The  compressive  strengths  of  the  concrete  samples  from  the 
existing  concrete  pavements  in  Florida  exceed  the  FOOT  compres- 
sive strength  requirement. 

2.  The  splitting  tensile  strengths  of  the  econocrete  samples  ob- 
tained from  U.S.  41  Econocrete  Test  Road  averaged  about  226  psi 
and  are  generally  about  50%  of  the  concrete  samples  from  the 
other  pavements.  For  the  field  concrete  tested,  the  splitting 
tensile  strengths  are  about  8%  of  the  compressive  strengths. 

3.  The  mean  modulus  of  elasticity  of  the  field  concrete  samples 
tested  is  4.57  x  106  psi. 

4.  The  coefficient  of  linear  thermal  expansion  for  the  in-service 
concrete  under  oven-dried  and  water-saturated  conditions  are 
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Figure  13.1  Mean  Compressive  Strength  of  In-Service  Concrete  Pavement 
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Figure  13.2  Mean  Splitting  Tensile  Strength  of  In-Service  Concrete 
Pavement 


249 


5.0000e+6 


4.0000e+6  - 


I 

! 

LU 

LL 

o 

c/> 

-I 
3 

S 


< 


3.0000e+6  - 


2.0000e+6  - 


1 .0000e+6  - 


0.0000e+0 


SITE 


Figure  13.3     Mean  Modulus  of  Elasticity  of   In-Service  Concrete  Pavement 
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Figure  13.4  Mean  Water-Saturated  Coefficient  of  Linear  Thermal 
Expansion  of  In-Service  Concrete  Pavement 
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Figure  13.5  Mean  Oven-Dried  Coefficient  of  Linear  Thermal  Expansion 
of  In-Service  Concrete  Pavement 
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Mean  Coefficient  of  Moisture  Expansion  of   In-Service 
Concrete  Pavement 
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significantly  different  with  the  latter  being  higher  than  the 
former. 
5.  The  moisture  expansion  of  the  econocrete  core  samples  from  the 
U.S.  41  Econocrete  Test  Road  is  significantly  higher  than  that 
of  the  concrete  samples. 


CHAPTER  14 
DEVELOPMENT  OF  PREDICTION  EQUATIONS  FOR  CONCRETE  PROPERTIES 


14.1  Introduction 


This  chapter  presents  the  results  of  linear  regression  analyses  to 
establish  relationships  between  concrete  strength  parameters.  The  anal- 
yses were  performed  using  PROC  REG  procedure  of  SAS/STAT  Release  5.18 
software. 

The  regression  coefficient  or  the  coefficient  estimate,  standard 
error  of  the  estimate,  and  the  coefficient  of  variation  are  given  in  the 
tables  following  the  relationships.  The  standard  error  of  the  estimate 
of  the  regression  parameter  in  a  model  measures  the  amount  of  variation 
that  exists  among  the  values  of  that  estimate  as  a  result  of  sampling. 
Being  an  indication  of  the  accuracy  of  the  regression  coefficient,  the 
standard  error  of  the  regression  coefficient  is  used  to  develop  confi- 
dence interval  on  the  estimate  of  the  population  coefficient.  The  co- 
efficient of  variation,  C.V.,  is  computed  as  the  ratio  of  the  square 
root  of  the  error  mean  square  and  the  mean  of  the  dependent  variable 
multiplied  by  100.  It  is  used  for  comparison  such  as  the  precision  of 
one  study  with  that  of  another.  The  smaller  the  coefficient  of  varia- 
tion, the  greater  the  relative  accuracy  would  be. 
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14.2  Relationship  Between  the  Compressive  and  Splitting 

Tensile  Strengths 

Regression  analysis  was  performed  on  the  28-day  data  obtained  from 

the  compressive  and  splitting  tensile  strength  tests  using  the  following 

models: 

(14.1) 


fct  ■ 

ax/PJ 

fct  ' 

a2fc 

fct  = 

ao 
(fc)  3 

(H.2) 


(14.3) 


where 


fct  =  28-day  splitting  tensile  strength,  psi 
f'c     =  28-day  compressive  strength,  psi 
al»  a2»  a3  =  coefficients. 

The  results  of  the  regression  analysis  are  presented  in  Table  14.1. 
The  prediction  equations  in  the  ACI  Code  [41]  showing  the  relationships 
between  the  compressive  and  splitting  tensile  strengths  for  various 
types  of  concretes  (ACI  -  11.2)  are  as  follows: 

fct  =   6.7  /FT  for  normal  weight  concrete  (14.4) 

fct  =   5.7  /FT  for  sand-lightweight  concrete         (14.5) 
fct  =   5.0  /FT  for  all-lightweight  concrete  (14.6) 


where 


fct  =  average  splitting  tensile  strength  of  concrete,  psi 
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A  normal  weight  concrete  is  made  from  natural  sand  and  gravel  or 

3 

crushed-rock  aggregates  generally  weighing  about  145  lb/ft  .  "All- 
lightweight  concrete"  are  those  made  without  natural  sand,  while  light- 
weight concrete  whose  fine  aggregate  is  made  up  of  normal  weight  sand  is 
referred  to  "sand-lightweight  concrete"  [41:7],  Lightweight  concretes 
weigh  less  than  about  110  lb/ft  . 

According  to  PCA  [6],  the  tensile  strength  of  concrete  range  from 
about  8  to  12%  of  the  compressive  strength.  It  is  estimated  as 

fct  =  5  to  7.5  /TJ"  (14.7) 

Ruth  [42],  and  Wang  and  Salmon  [43]  consider  the  splitting  tensile 
strength  to  be  about  8  to  15%  and  10  to  15%,  respectively,  of  the  com- 
pressive strength. 

The  analysis  results  presented  in  Table  14.1  shows  that  an  expres- 
sion depicted  as  Equation  14.3  estimates  splitting  tensile  strength 
better  than  the  ACI  expression  (Equation  14.1). 

Figure  14.1  illustrates  the  relationship  between  the  compressive 
and  splitting  tensile  strengths  obtained  from  the  laboratory  concrete. 
It  is  apparent  from  the  figure  that  the  ACI  Code  formula  slightly  over- 
estimates the  splitting  tensile  strength  of  concrete. 

14.3  Relationship  Between  the  Compressive  Strength  and 

Modulus  of  Rupture 

The  following  models  were  used  to  perform  regression  analysis  re- 
lating compressive  strength  and  modulus  of  rupture: 
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fr     =     a2fc  (14.9) 

fr     =     (f!)   3  (14.10) 


where 


fr  =      28-day  modulus  of  rupture  or  flexural    strength,   psi 
f£  =       28-day  compressive  strength,   psi 
al»  a2'  a3  =       coefficients 
Table  14.2  contains  the  results  of  the  regression  analysis.     Equation 
14.10  yields  a  better  relationship. 

The  modulus  of  rupture  is  a  measure  of  the  tensile  strength  in 
flexure,  and   is  also  referred  to  as  the  flexural    strength. 

The  following  are  ACI   Code  [41]  empirical    relationships  between  the 
compressive  strength  and  modulus  of  rupture   (ACI-9.5.2.3') : 

fr     =       7.5  /FT  for  normal   weight  concrete  (14.11) 

fr     =       0.75   (7.5  /7£)   for  all -lightweight  concrete  (14.12) 

fr     =       0.85   (7.5  /FT)   for  sand-lightweight  concrete         (14.13) 

The  PCA  [6]  recommended  empirical    relationship  for  a  normal   weight 
concrete  is 

fr    =     7.5  to  10  /7J"  (14.14) 

According  to  Fintel  [9],  the  modulus  of  rupture  for  both  light- 
weight and  normal -weight  high-strength  concrete  (compressive  strength 
greater  than  6,000  psi)  can  be  approximated  as 

fr  =  7.5  to  12  /TJ"  (14.15) 
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A  constant  value  of  11.7  was  suggested. 

Figure  14.2,  which  presents  a  plot  of  modulus  of  rupture  vs.  com- 
pressive strength,  shows  that  the  modulus  of  rupture  calculated  using 
the  ACI  Code  equation  is  lower  at  the  compressive  strength  of  over  4500 
psi.  The  figure  also  illustrates  that  the  modulus  of  rupture  increases 
as  the  compressive  strength  increases. 

14.4  Relationship  Between  the  Compressive  Strength  and  Static 

Modulus  of  Elasticity 

The  models  used  to  develop  linear  regression  between  compressive 

strength  and  the  static  modulus  of  elasticity  are 

Ec  =   ajw1"5  /7T  (14.16) 

Ec  =   a^1-5  f^  (14.17) 

Ec  =   a3wf(l  (14.18) 

where 

Ec  =   28-day  static  modulus  of  elasticity  of  concrete,  psi 
w  =   unit  weight  of  concrete,  pcf  » 

f£  =   28-day  compressive  strength,  psi. 
The  analysis  results  are  tabulated  in  Table  14.3. 
The  average  unit  weight  of  concrete  batched  with  Brooksville  lime- 
stone, dense  limestone,  and  river  gravel  are  139.83,  145.50,  and  142.67 
pcf,  respectively. 
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The  ACI  Code  [41]  empirical    formula  relating  the  compressive 
strength  and  the  static  modulus  of  elasticity  is   (ACI-8.5.1) 


Ec     =       33wU5  /T  (H.19) 


for  values  of  w  between  90  and  155  lb/ft3.  For  normal  weight  concrete 

3 

weighing  145  lb/ft  , 


Ec  =   57,000  /FJ  (14.20) 

The  regression  results  presented  in  Table  14.3  shows  that  the  form 
of  equation  used  by  the  ACI  Code  is  a  better  model.  However,  regression 
coefficients  of  about  ^!0  (Brooksville  limestone  and  river  gravel)  and  45 
(dense  limestone)  were  obtained.  The  ACI  coefficient  is  33. 

The  estimate  of  the  modulus  of  elasticity  using  Equations  14.16  and 
14.19  are  graphed  in  Figure  14.3. 

14.5  Relationship  Between  the  Splitting  Tensile  Strength  and 

Modulus  of  Rupture 

The  relationship  between  the  splitting  tensile  strength  and  the 

modulus  of  rupture  was  represented  by  the  following  models: 

ft  =    V^Y  (14-2D 

ft  =    a2fr  (14-22) 

a3 
ft  =    (fr)  (14.23) 
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where 

ft  =   28-day  splitting  tensile  strength,  psi 
fr  =   28-day  modulus  of  rupture,  psi 
al'  a2»  a3  =   coefficients. 

The  linear  regression  performed  using  the  above  models  yielded  the 
results  contained  in  Table  14.4. 

Although  there  is  no  ACI  empirical  relationship  between  the  split- 
ting tensile  strength  and  modulus  of  rupture  of  concrete,  a  relationship 
was  derived  from  ACI  Code  relationships  as  follows: 
Recall  that  for  a  normal  weight  concrete,  ACI  Code  recommends 

fct  =   6.7  /FJ  (14.4) 

and     fp  =   7.5  /FJ  (14.11) 

Solving  Equation  14.11  for  the  compressive  strength  and  substituting 
into  Equation  14.4,  we  have 

fct  «   0.89  fr  (14.24) 

An  empirical    relationship  between  splitting  tensile  strength  and 
modulus  of  rupture  derived  using  PCA  Equations   14.7  and   14.14  is 

fct  =       0.50  to  1.0  fr  (14.25) 

A  regression  coefficient  ranging  from  about  0.58  to  0.68  was  ob- 
tained from  analysis  of  test  data.  A  better  representation  of  the 
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relationship  between  the  splitting  tensile  strength  and  modulus  of  rup- 
ture is  as  expressed  in  Equation  14.23. 

A  graphical  presentation  of  the  relationship  involving  splitting 
tensile  strength  and  modulus  of  rupture  is  given  in  Figure  14.4.  The 
calculated  splitting  tensile  strength  using  the  ACI  Code  derived  expres- 
sion is  higher  than  that  from  the  best-fit  model  (Equation  14.23). 

14.6  Prediction  of  Coefficient  of  Linear  Thermal  Expansion  of  Concrete 
The  factors  affecting  the  coefficient  of  linear  thermal  expansion 
of  concrete  have  already  been  presented  in  Section  2.3  of  this  report. 
Types  of  strengths  such  as  compressive  and  tensile  are  not  known  to  di- 
rectly affect  thermal  expansion.  Therefore,  the  use  of  an  equation  re- 
lating the  coefficient  of  linear  thermal  expansion  to  any  of  the  types 
of  concrete  strengths  was  not  considered  appropriate. 

A  range  of  coefficient  of  linear  thermal  expansion  of  laboratory 
concrete  for  water-saturated,  oven-dried,  and  combined  water-saturated 
and  oven-dried  conditions  are  presented  in  Tables  14.5  through  14.7,  re- 
spectively. The  ranges  are  provided  for  three  categories  of  concrete 
based  on  the  compressive  strength  as  follows: 

f'  <  3000  psi :  low-strength  concrete 
f'  =  3000  to  5999  psi:  medium-strength  concrete 
f'  >  6000  psi:  high-strength  concrete 
A  95%  confidence  interval  for  the  mean  can  be  calculated  from  the 
expression 

Mean  ±  tg^s  (Standard  error  of  the  Mean) 
where 

t0.025  1s  0Dtainecl  from  t  table. 
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14.7  Prediction  of  Coefficient  of  Moisture  Expansion 
Table  14.8  shows  the  range  of  coefficient  of  moisture  expansion 
values  within  three  categories  based  on  compressive  strength  per  aggre- 
gate type.  Equations  were  not  developed  relating  concrete  properties 
such  as  compressive  strength,  splitting  tensile  strength,  etc.  to  coef- 
ficient of  moisture  expansion. 

The  range  of  coefficient  of  moisture  expansion  for  in-service  con- 
crete is  presented  in  Table  14.9. 

14.8  Summary  of  Findings 
The  following  empirical  relationships  considered  to  better  model 
the  respective  variables  were  obtained  using  28-day  moist-cured  data. 

1.  Compressive  versus  Tensile  Strengths 

(a)  Brooksville  Limestone  fct  =  (f )0'7027 

(b)  Dense  Limestone  fct  =  (f )0*7052 

(c)  River  Gravel  fct  =  (f )°«7020 

(d)  All  three  aggregates  combined     fct  =  (f ■ jO.7034 

2.  Compressive  Strength  and  Modulus  of  Rupture 

(a)  Brooksville  Limestone  fr  =  (f^)0-7668 

(b)  Dense  Limestone  f.  =  (f \0.7501 

«    c 

(c)  River  Gravel  fr  =  (f  )0-7690 

(d)  All  three  aggregates  combined      fp  =  (f* )0*7622 

3.  Compressive  Strength  versus  Modulus  of  Elasticity 

(a)  Brooksville  Limestone  Er  =  40.1725w1,5/fr 

^  c 

(b)  Dense  Limestone  Ec  =  44.9106w1,5/F~ 

(c)  River  Gravel  E_  =  40.2632w1,5/fr 

L  c 

(d)  All  three  aggregates  combined      Er  =  42.0744w   /P" 

^  c 
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where  the  unit  weights  and  standard  deviations  for  Brooksville 
limestone,  dense  limestone,  and  river  gravel  are  139.83  pcf  and 
2.69,  142.67  pcf  and  3.01,  and  145.50  pcf  and  1.64,  respectively, 
4.  Splitting  Tensile  Strength  and  Modulus  of  Rupture 

(a)  Brooksville  Limestone  fct  =  (fr)0,9140 

(b)  Dense  Limestone  fct  =  (f  )0-9393 

(c)  River  Gravel  fct  =  (f  )0'9129 

(d)  All  three  aggregates  combined     fct  =  (fr)0*9221 


CHAPTER  15 
OPTIMIZATION  OF  CONCRETE  MIX  DESIGN  FOR  CONCRETE  PAVEMENT 


15.1  Introduction 


The  effect  of  temperature  differential  across  the  thickness  of  a 
pavement  slab  has  been  studied  by  some  researchers.  Armaghani,  Larsen, 
and  Smith  [44],  and  Yoder  and  Witzack  [45]  observed  that  pavement  slab 
curled  upward  at  the  edges  when  the  bottom  temperature  was  greater  than 
that  at  the  surface  (negative  temperature  differential).  On  the  other 
hand,  upward  curling  at  the  pavement  center  and  downward  curling  along 
the  edges  was  caused  b>  positive  temperature  differential,  a  condition 
when  the  surface  temperature  exceeds  that  of  the  bottom  (see  Figure 
15.1). 

Analysis  of  structural  response  of  concrete  pavement  under  critical 
thermal  loading  conditions  was  performed  by  Tia  et  al.  [46].  One  of  the 
effects  on  the  maximum  load-induced  stresses  analyzed  was  that  of  elas- 
tic modulus  of  concrete.  In  the  said  study,  a  typical  pavement  system 
with  the  following  parameters  was  used  in  the  analysis: 

1.  Slab  thickness  =  9  inches 

2.  Slab  length  =  20  ft 

3.  Subgrade  modulus,  K$   =  500  pci 

4.  Edge  stiffness,  Ke  =  500  Ksi 

5.  Jont  linear  stiffness,  K1  =  250  Ksi 

6.  Joint  torsional  stiffness,  Kt  =  1000  K-in/in  (4.45  MN-m/m) 
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Tt  •  Surface  Temperature 
Tb  "  Boccom  Temperacure 


[c  -  Tb 


Tc  <  Tb 


■t  >  Tb 


Figure  15.1  Curling  of  Concrete  Pavement  Due  to  Temperature 
Differential  [44] 
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7.  External  load  =  22  Kips  (98  KN).  Single-axle  applied  at  the 
center  of  the  slab 

8.  Temperature  differential,  aT  =  +20°F  (+11.1°C) 

Figure  15.2  shows  the  relationship  of  maximum  stresses  obtained  at 
various  elastic  moduli  of  concrete.  The  maximum  longitudinal  and  trans- 
verse stresses  were  found  to  be  directly  proportional  to  the  elastic 
modulus  of  concrete.  It  was  concluded  that  (1)  an  increase  in  elastic 
modulus  of  concrete  pavement  without  a  corresponding  increase  in  flex- 
ural  strength  of  concrete  will  cause  deplorable  conditions,  and  (2)  a 
concrete  pavement  possessing  high  elastic  modulus  may  be  of  disservice 
because  of  lack  of  corresponding  increase  in  flexural  strength. 

In  order  to  optimize  a  concrete  mix  for  pavement  application,  the 
effects  of  coefficient  of  thermal  expansion  and  elastic  modulus  of  con- 
crete on  thermal  load-induced  stresses  must  be  comprehended. 

15.2  Effects  of  Thermal  Expansion  and  Modulus  of  Elasticity  of  Concrete 

The  effects  of  the  thermal  expansion  and  modulus  of  elasticity  of 
concrete  on  the  thermal  load-induced  stresses  in  the  concrete  slab  were 
evaluated  using  the  FEACONS  IV  program.  FEACONS  IV  is  an  acronym  for 
version  four  of  the  Finite  Element  Analysis  of  CONcrete  Slabs  computer 
program  developed  at  the  University  of  Florida. 

A  typical  concrete  pavement  system  with  the  following  dimensions 
and  parameters  was  used: 

1.  Slab  thickness  =  10  inches 

2.  Slab  length  =  20  ft 

3.  Subgrade  modulus,  Ks  =  0.300  Kci 

4.  Edge  stiffness,  Ke  =  7.50  Ksi 


280 


CD 
L. 

♦J 

L. 
CD 


c 
n 

O 

_l 

OJ 
X 


I 

C\J 

OJ 

.-a 
-a 

CD 
oo 

=3 

to 

<_> 

00 

OJ 

00 
00 

CD 


co 


3 
E 

■I — 

ra 


c 
o 


=  3 

O  U_ 

s:  o 
o 
a>  cm 
•*->  + 

CD 

5-  4- 

O     O 

o  ,— 


o  c 
<u 


O     CD 
CD  4- 


sd)  ssbsis  wnwixvw 


C\J 

LP 


-J 

L. 

=3 


281 


5.  Joint  linear  stiffness,  K-|  =  30  Ksi 

6.  Joint  torsional  stiffness,  Kt  -   250  K-in/in 

The  maximum  longitudinal  stresses  in  the  concrete  slab  caused  by 
the  combination  of  a  2 2 - !< i p  single-axle  load  applied  at  the  edge  of  the 
slab  and  a  temperature  differential  of  +20°F  in  the  slab  were  computed 
at  various  moduli  of  elasticity  and  coefficient  of  thermal  expansion  of 
concrete  (see  Table  15.1).  The  computed  maximum  longitudinal  stresses 
are  plotted  in  Figure  15.3.  It  shows  that  as  the  modulus  of  elasticity 
and  coefficient  of  thermal  expansion  increases,  so  does  the  maximum  lon- 
gitudinal stress.  Therefore,  increasing  the  modulus  of  elasticity  of 
concrete  without  a  corresponding  increase  in  the  flexural  strength  of 
the  concrete  at  a  given  coefficient  of  thermal  expansion  could  lead  to 
poor  pavement  performance.  The  degree  of  poor  pavement  performance  may 
increase  as  the  coefficient  of  thermal  expansion  increases.  The  plot  of 
the  combination  of  modulus  of  elasticity  and  the  coefficient  of  thermal 
expansion  of  concrete  to  produce  various  maximum  stress  is  presented  in 
Figure  15.4.  The  figure  shows  that  to  maintain  a  constant  maximum 
stress,  the  modulus  of  elasticity  has  to  be  decreased  as  the  coefficient 
of  expansion  increases. 

15.3  Optimizing  Concrete  Pavement  Mix  Design 
It  has  been  pointed  out  in  the  previous  sections  that  stress  in  the 
concrete  increases  as  the  modulus  of  elasticity  increases  for  a  given 
coefficient  of  thermal  expansion.  To  maintain  a  constant  given  maximum 
stress,  the  modulus  of  elasticity  of  concrete  must  decrease  as  the  coef- 
ficient of  thermal  expansion  increases.  For  a  concrete  pavement  to  pro- 
vide satisfactory  performance  through  the  entire  design  life,  the 
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Figure  15.3  Computed  Maximum  Longitudinal  Stress  Using 
FEACONS  IV  Program 
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Figure  15.4  Combinations  of  Modulus  of  Elasticity  and  Coeffi- 
cient of  Thermal  Expansion  of  Concrete  to  Produce 
Fixed  Maximum  Stresses 
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maximum  thermal  load-induced  stress  in  the  slab  must  be  kept  low.  But 

reducing  the  stress  in  the  concrete  entails  the  use  of  concrete  with  low 

modulus  of  elasticity. 

The  flexural  strength  or  the  modulus  of  rupture  is  the  maximum 

stress  at  rupture.  Since  concrete  pavements  are  loaded  in  bending,  it 

will  be  appropriate  to  use  concretes  with  modulus  of  rupture  higher  than 

the  thermal  load  stresses.  The  ratio  of  maximum  thermal  load-induced 

stress  divided  by  the  modulus  of  rupture  of  concrete  is  referred  to  as 

stress  ratio.  That  is, 

Maximum  Thermal  Load  Stress 
Stress  Ratio  =  


Modulus  of  Rupture 


Apparently  an   optimal  concrete  mix  is  one  with  minimum  stress  ratio  and 
has  a  reasonable  material  and  construction  cost.  Table  15.2  summarizes 
the  results  of  computed  maximum  thermal  load-induced  stresses  and  stress 
ratios  using  the  mean  28-day  values  of  the  modulus  of  rupture,  modulus 
of  elasticity,  and  water-saturated  coefficient  of  thermal  expansion  of 
laboratory  concrete.  The  maximum  thermal  load-induced  stresses  were 
caused  by  a  22-kip  single  axle  load  applied  to  the  edge  of  a  10-inch 
thick  pavement  slab  with  a  temperature  differential  of  +20°F.  It  can  be 
noted  from  Table  15.2  that  the  computed  maximum  stress  increases  as  the 
W/C  ratio  decreases.  However,  since  the  flexural  strength  increases  as 
the  W/C  ratio  decreases,  the  stress  ratio  decreases  as  the  W/C  ratio 
decreases.  The  effect  of  W/C  ratio  on  stress  ratio  is  greater  for  the 
concretes  made  with  river  gravel  and  dense  limestone  than  that  for  the 
concrete  made  with  Brooksville  limestone.  At  the  higher  W/C  ratios 
(0.53  or  0.45),  the  concrete  made  with  Brooksville  limestone  has  a  lower 
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stress  ratio  than  those  made  with  dense  limestone  or  river  gravel.  At 
the  low  W/C  ratio  (0.33),  all  the  three  aggregate  types  gave  approxi- 
mately the  same  stress  ratio.  For  the  concrete  made  with  Brooksville 
limestone,  since  the  stress  ratio  does  not  vary  greatly  (it  ranges  from 
0.70  to  0.80)  as  the  W/C  is  reduced,  it  appears  that  the  use  of  a  higher 
W/C  (such  as  0.53)  would  be  more  cost  effective.  At  a  W/C  of  0.53, 
which  is  normally  used  on  pavement  concrete,  the  Brooksville  aggregate 
should  give  better  performance  than  the  dense  limestone  or  the  river 
gravel,  based  on  the  computed  stress  ratio. 


CHAPTER  16 
CONCLUSIONS  AND  RECOMMENDATIONS 


16.1  Introduction 


An  extensive  study  of  the  laboratory-batched  and  in-service  con- 
crete specimens  was  executed  principally  to  determine  the  coefficient  of 
linear  thermal  and  moisture  of  concrete  used  in  Florida  at  temperatures 
ranging  from  77  to  140°F  (25  to  60°C).  Under  study  were  three  types  of 
aggregate,  four  levels  of  water-cement  ratio,  four  levels  of  cement  con- 
tent, and  two  levels  of  moist-curing  duration.  The  effects  of  the  above 
factors  on  the  strength  parameters  were  also  analyzed.  The  conclusions 
and  recommendations  arrived  at  from  the  study  are  presented  in  this 
chapter. 

16.2  Conclusions 


The  summary  of  the  major  findings  from  the  study  are 
1.  Aggregate  types  have  some  effects  on  the  strength  properties  of 
concrete.  At  W/C  ratios  of  0.33  and  0.45,  the  compressive 
strengths  of  concretes  made  with  Brooksville  limestone  and  river 
gravel  are  not  significantly  different  from  each  other  but  are 
significantly  lower  than  those  made  with  the  dense  limestone. 
At  a  W/C  of  0.53,  the  three  aggregates  produced  about  the  same 
compressive  strength.  The  splitting  tensile  strength  and  mod- 
ulus of  rupture  of  concretes  made  with  Brooksville  limestone  and 
river  gravel  are  not  significantly  different  from  each  other  but 
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are  significantly  lower  than  those  of  concrete  made  with  the 
dense  limestone.  Concrete  made  with  dense  limestone  had  the 
highest  modulus  of  elasticity,  followed  by  river  gravel  and 
lastly  Brooksville  limestone. 

2.  The  concrete  made  with  river  gravel  had  the  highest  coefficient 
of  thermal  expansion,  followed  by  concrete  made  with  dense  lime- 
stone, while  concrete  made  with  Brooksville  limestone  had  the 
lowest  coefficient  of  thermal  expansion. 

3.  The  concrete  made  with  dense  limestone  had  the  lowest  coeffi- 
cient of  moisture  expansion,  while  the  concrete  made  with 
Brooksville  limestone  had  the  highest  coefficient  of  moisture 
expansion. 

4.  The  compressive  strength,  splitting  tensile  strength,  modulus  of 
rupture,  and  modulus  of  elasticity  of  concrete  generally  in- 
crease as  the  water-cement  ratio  decreases.  The  water-cement 
ratio  has  no  noticeable  effect  on  the  coefficient  of  moisture 
expansion,  and  coefficient  of  linear  thermal  expansion. 

5.  The  properties  of  hardened  concrete  are  significantly  affected 
by  the  moist-curing  duration.  The  longer  the  concrete  is  moist- 
cured,  the  higher  the  compressive  strength,  modulus  of  rupture, 
and  modulus  of  elasticity  would  be.  The  lower  moist-curing 
duration  produces  lower  coefficient  of  linear  thermal  expansion 
of  concrete  at  oven-dried  condition  and  lower  coefficient  of 
moisture  expansion.  The  coefficient  of  linear  thermal  expansion 
of  concrete  at  water-saturated  condition  was  not  significantly 
affected  by  moist-curing  duration. 
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6.  The  coefficient  of  linear  thermal  expansion  of  water-saturated 
and  oven-dried  laboratory  concrete  were  significantly  different 
from  each  other.  The  coefficient  is  relatively  lower  at  water- 
saturated  condition. 

7.  The  compressive  strengths  of  the  concrete  samples  obtained  in 
this  study  from  existing  concrete  pavements  in  Florida  exceeded 
the  FDOT  compressive  strength  requirement  for  class  I  concrete. 

8.  The  splitting  tensile  strengths  of  the  econocrete  samples  ob- 
tained from  U.S.  41  Econocrete  Test  Road  are  generally  about 
half  of  those  of  the  concrete  samples  from  the  other  pavements. 
The  splitting  tensile  strengths  of  in-service  concrete  samples 
are  about  8%   of  their  compressive  strengths. 

9.  The  coefficient  of  linear  thermal  expansion  of  oven-dried  in- 
service  concrete  is  significantly  different  from  that  of  water- 
saturated  in-service  concrete  with  the  former  being  lower  than 
the  latter. 

10.  The  coefficient  of  moisture  expansion  of  the  econocrete  core 
samples  obtained  from  the  U.S.  41  Econocrete  Test  Road  is  signi- 
ficantly higher  than  that  of  the  concrete  samples. 

ai  a2 

11.  Empirical    relationships  of  the  form  fct  =   (f )      ,   f     ■(f)      , 

a3 

and  fct  =  (%)   where  al5  a2,  and  a3  are  regression  coeffi- 
cients were  found  to  fit  the  test  data  better  than  the  expres- 
sions of  the  form  fct  =  a:  /TJT  ,  fp  =  a2/fj  ,  and  Fct  =  a3fr, 
respectively. 


291 


12.  The  following  empirical  relationships  between  the  various  con- 
crete properties  represented  the  best  fits  to  the  results  of 
tests  on  the  28-day  moist-cured  concrete. 

A.  Compressive  versus  Tensile  Strengths 

1)  Brooksville  Limestone       fct  =  (f')0,7027 

2)  Dense  Limestone  fct  =  (f  )0'7052 

3)  River  Gravel  fct  =  (f« )0.7020 

4)  All  three  aggregates  combined  fct  =  (f )0'7034 

B.  Compressive  Strength  and  Modulus  of  Rupture 

1)  Brooksville  Limestone       f.  =  (f )°«7668 

r     c 

2)  Dense  Limestone  f-  =  (f-)0*7501 

i    v  c 

3)  River  Gravel  f.  =  (f  )0*7690 

■    x  c 

4)  All  three  aggregates  combined  fp  =  (f )0*7622 

C.  Compressive  Strength  Versus  Modulus  of  Elasticity 

1)  Brooksville  Limestone       Er     =  40.1725w1,5  /T" 

L  c 

2)  Dense  Limestone  E.     =  44.9106w1,5  JV 

c  c 

3)  River  Gravel  Er  =  40.2632w1,5  /T" 

0  c 

4)  All   three  aggregates   combined  E.     =  42.0744w1,5  /f~r 

c  c 

The  average  unit  weight  of  concrete  batched  with  Brooksville 
limestone,  dense  limestone,  and  river  gravel  are  139.83  pcf, 
142.67  pcf,  and  145.50  pcf,  respectively. 
13.  The  ranges  of  coefficient  of  linear  thermal  expansion  and  co- 
efficient of  moisture  expansion  of  the  concrete  studied  are 
presented  in  Tables  16.1  through  16.5. 
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Table  16.1  Range  of  Coefficient  of  Linear  Thermal  Expansion  of 
Water-Saturated  Laboratory  Concrete 


Compressive  6 

Aggregate  Type       Strength  (Psi)       Range  x  10"  in/in/°F 


Brooksville 

3000-5999 

4.65  -  6.51 

>  6000 

4.69  -  5.88 

Limestone 

All  classes 

4.65  -  6.51 

Dense 

3000-5999 

5.00  -  6.80 

>  6000 

5.11  -  6.37 

Limestone 

All  classes 

5.00  -  6.80 

River 

<  3000 

6.83 

3000-5999 

6.04  -  7.25 

Gravel 

>  6000 

5.71  -  7.11 

All  classes 

5.71  -  7.25 
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Table  16.2     Range  of  Coefficient  of  Linear  Thermal    Expansion  of 
Oven-Dried  Laboratory  Concrete 


Aggregate  Type 

Compressive 
Strength  (Psi) 

Range  x  10"  in/in/°F 

Brooksville 
Limestone 

3000-5999 

>  6000 

All  classes 

4.47  -  6.72 
4.80  -  6.49 
4.47  -  6.72 

Dense 

Limestone 

3000-5999 

>  6000 

All  classes 

5.39  -  6.67 
4.97  -  6.41 
4.97  -  6.67 

River 
Gravel 

<  3000 

3000-5999 

>  6000 

All  classes 

7.59 
6.62  -  8.52 
5.65  -  7.81 
5.65  -  8.52 
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Table  16.3  Range  of  Coefficient  of  Linear  Thermal  Expansion  of 
Laboratory  Concrete  at  Water-Saturated  and  Oven-Dried 
Conditions 


Compressive  6 

Aggregate  Type       Strength  (Psi)       Range  x  10"  in/in/°F 


Brooksvil le 

3000-5999 

4.47 

-  6.72 

>  6000 

4.69 

-  6.49 

Limestone 

All    classes 

4.47 

-  6.72 

Dense 

3000-5999 

5.00 

-  6.80 

>  6000 

4.97 

-  6.41 

Limestone 

All   classes 

4.97 

-  6.80 

River 

<  3000 

6.83 

-  7.59 

3000-5999 

6.04 

-  8.52 

Gravel 

>  6000 

5.65 

-  7.81 

All   classes 

5.65 

-  8.52 
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Table  16.4  Range  of  Coefficient  of  Moisture  Expansion  of  Laboratory 
Concrete 


Aggregate  Type 

Compressive 
Strength  (Psi) 

Range  x  10  in/in 

Brooksville 
Limestone 

3000-5999 

>  6000 

All  classes 

0.29  -  7.96 
2.10  -  4.63 
0.29  -  7.96 

Dense 
Limestone 

3000-5999 

>  6000 

All  classes 

1.80  -  2.57 
0.79  -  3.41 
0.79  -  3.41 

River 
Gravel 

<  3000 

3000-5999 

>  6000 

All  classes 

3.97 
0.94  -  8.73 
2.21  -  4.97 
0.94  -  8.73 
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Table  16.5  Range  of  Coefficient  of  Moisture  Expansion  of  In-Service 
Concrete 


Highway 
(Direction) 

Site 

Rai 

lge  x  10  in/in 

1-75 
(Southbound) 

1 
2 
3 
4 

1.64  -  1.70 
1.35  -  2.03 
1.31  -  2.12 
1.39  -  2.10 

I  -75 
(Northbound) 

5 
6 

1.07  -  1.36 
0.57  -  0.90 

U.S.  41  7  0.75  -  1.08 

Econocrete  Test  Road     8  3.53  -  4.90 

(Southbound)  9  9.59 
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16.3  Recommendations 
Based  on  the  findings  from  this  study,  the  following 
recommendations  are  made: 

1.  In  the  evaluation  of  potential  performance  of  a  pavement  con- 
crete in  service,  the  ratio  between  the  maximum  anticipated 
stress  in  the  concrete  and  the  flexural  strength  of  the  concrete 
should  be  considered.  The  lower  this  stress  ratio  is,  the 
better  should  be  the  performance  of  the  concrete  in  service. 

The  maximum  stress  in  the  concrete  is  a  function  of  the  coeffi- 
cient of  thermal  expansion,  coefficient  of  moisture  expansion 
and  elastic  modulus  of  the  concrete. 

2.  For  pavement  concrete  with  a  W/C  of  around  0.5,  the  use  of 
Brooksville  limestone  should  give  better  performance  than  the 
dense  limestone  or  river  gravel. 

3.  When  Brooksville  limestone  is  used  in  pavement  concrete,  the 
change  in  W/C  of  the  concrete  mix  should  not  affect  its  struc- 
tural performance  significantly.  Thus,  the  use  of  a  W/C  of 
around  0.5  should  be  appropriate  since  it  is  more  cost  effec- 
tive, as  compared  with  one  of  lower  W/C. 

15.4  Recommendations  for  Further  Research 


The  following  are  reommended  for  further  research: 

1.  The  coefficient  of  thermal  expansion  of  the  aggregates  used  in 
Florida  and  the  cement  paste  should  be  determined,  and  related 
to  that  of  the  concrete. 

2.  The  coefficient  of  thermal  expansion  of  concretes  containing 
silica  fume,  slag,  and  pozzolan  cement  should  be  investigated. 
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3.  The  effects  of  different  sizes  of  aggregate  and  different  pro- 
portioning of  aggregate  to  cement  paste  ratio  on  the  coefficient 
of  thermal  expansion  should  be  studied. 

4.  More  refined  instrumentation  needs  to  be  developed  for  the  study 
of  thermal  and  hygroscopic  properties  of  concrete  to  reduce  the 
scattering  of  measured  data. 
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APPENDIX  B 
PROPERTIES  OF  FRESH  CONCRETE 


4-! 

<4- 

O^ 

•r— 

CD 

^^ 

CO 

c 

•p — 

-Q 

« — 1 

ZD 

<U 

cr 

cr 
o 


ft« 


co 


CO 


LD 

co 


ro 


CM 


co 

CO 


oo 


LO 

"3- 


o 


o 

CD 


o 


o 

I 


o 

ro 


cr> 


O 


CD 
4-> 
0) 
!_ 
U 

c 
o 
o 

jr 

CD 


(/) 

CD 


QJ 

Cl 
O 
f_ 
Ql 


^3 
C 
CD 
Q. 
Q. 

< 


C/) 


c 

CD 


CD 

u 


CD 


13 

u 


Q, 

0) 


+-> 

C 
CD 

cr 
o 
o 


if) 

CM 


o 


LO 
CM 


CM 


LO 
CM 


CM 


o 

CM 


o 

CM 


CM 


CM 


CO 

o 
uo 


CO 
IT) 


CO 
LO 


CO 
LO 


LO 


00 

LO 
CO 


CO 
LO 

CO 


CO 

co 


CM 

LO 


CO 

co 


<D 
■(-> 
CD 
CCO 
CD 
C- 
CD 

cn 


0) 


CO 
CO 

II 

CD 
Kl 


X 

13 


CD 


CD 

cr 
o 


■ —   i/i 
•r-    CD 

>    E 

t/>  •.— 
-^  -J 

O 

O 

s_ 
CO 


303 


304 


T3 


-t-> 

o 
o 


CO 


T3 

CL 

Q. 


4->        <4- 

C       -r-        _Q 

r>     <u     i— 


4-> 

C 

0) 

c 
o 
o 


>4> 


Q.     - — - 

E      c 

3       -r- 


01 


Q. 

CD 
Cri 


O 


o 


LO 


4-> 

^— V 

■t-> 

c 

>^ 

c 

0) 

O 

00 

11 

4-> 

■^ 

o 

F 

c 

J3 

LO 

0) 

o 

■ — 

o 

CJ 



10 

CD 
CD 
!_ 

o> 


cd 

>> 


CO 

II 
CD 


C^ 
CO 


O 
ID 


co 


i_n 

CM 


CM 


LT) 


0J 

> 

CD 

> 


CM 


LO 


LO 


CM 


O 

LO 


L.O 


i — 


lo 


o 

LO 


LO 


CM 
If) 


co 
CO 


co 


LO 


LO 


LO 


o 


LO 
LO 


O 

LO 


LO 


LO 


o 


LO 

CM 


CM 


CVJ  i— I 


o 

LO 


CO 
LO 


LO 
LO 


lo 


CM 
LO 


CO 
CO 


c 
o 
+-> 
</) 
CD  OJ 
</)    E 

Ol  _! 
Q 


APPENDIX   C 
LENGTH  READINGS   OF   WATER-SATURATED   LABORATORY   CONCRETE   SPECIMENS 


COEFFICIENT  OF  THERMAL  EXPANSION 
WATER- SATURATED  SPECIMENS 
LABORATORY  STUDY 


COLUMN  A 
COLUMN  B 
COLUMN  C 
COLUMN  D 
COLUMN  E 
COLUMN  F 

COLUMN  G 
COLUMN  H 
COLUMN  I 
COLUMN  J 


LEGEND 

BATCH  NUMBER 

WATER-CEMENT  RATIO 

TYPE  OF  AGGREGATE 

MOIST-CURING  DURATION  (DAYS) 

CEMENT  CONTENT  (lb/cy) 

SPECIMEN  IDENTIFICATION  NUMBERS 

(SEPARATED  BY  DASHES) 
SPECIMEN  TEMPERATURE 
LENGTH  OF  FIRST  SPECIMEN  IN  COL. 
LENGTH  OF  SECOND  SPECIMEN  IN  COL. 
LENGTH  OF  THIRD  SPECIMEN  IN  COL. 


A     B   C    D   E    F 

1  0.53  BL  28  564  3-6 

1  0.53  BL  28  564  3-6 

1  0.53  BL  28  564  3-6 

1  0.53  BL  28  564  3-6 

1  0.53  BL  28  564  4 

1  0.53  BL  28  564  4 

1  0.53  BL  28  564  4 

1  0.53  BL  28  564  4 


G 
82, 
106. 
120. 

140. 


1  0.53  BL  90  564  1-5-7   74.0 

1  0.53  BL  90  564  1-5-7  103.0 

1  0.53  BL  90  564  1-5-7  121.0 

1  0.53  BL  90  564  1-5-7  140.0 

2  0.53  BL  28  508  2-1-6  79.7 
2  0.53  BL  28  508  2-1-6  104.0 
2  0.53  BL  28  508  2-1-6  122.0 
2  0.53  BL  28  508  2-1-6  139.0 

2  0.53  BL  90  508  3-7-9   74.5 

2  0.53  BL  90  508  3-7-9  103.0 

2  0.53  BL  90  508  3-7-9  124.0 

2  0.53  BL  90  508  3-7-9  142.0 

3  0.45  BL  28  658  1-2-7  73.0 
3  0.45  BL  28  658  1-2-7  103.0 
3  0.45  BL  28  658  1-2-7  122.0 
3  0.45  BL  28  658  1-2-7  142.0 

3  0.45  BL  90  658  3-5-8   74.0 

3  0.45  BL  90  658  3-5-8  102.0 

3  0.45  BL  90  658  3-5-8  121.0 

3  0.45  BL  90  658  3-5-8  141.0 


11 

11 
11 
11 


H 

854171 
855471 
856296 
857448 


74.0  11.809544 

99.0  11.811343 

123.0  11.823144 

140.0  11.824718 


11.825045 
11.826834 
11.827999 
11.829358 

11.869510 
11.870450 
11.871360 
11.872276 

11.708033 
11.709987 
11.711126 
11.712424 

11.847036 
11.848479 
11.849879 
11.850998 

11.792458 
11.794186 
11.795193 
11.796383 


11 
11 
11 
11 


I 

845114 

846541 

847500 

848761 


11 
11, 

11, 
11, 


814928 
815931 
817325 
818838 


11.849036 
11.850851 
11.852068 
11.853020 

11.725608 
11.727568 
11.729106 
11.730478 


11 
11 
11, 
11, 


797565 
799173 
800195 
801613 


11.792125 
11.793949 
11.795150 
11.796415 


11.785708 
11.788249 
11.790143 
11.792236 

11.872160 
11.873799 
11.875194 
11.875891 

11.683303 
11.68532? 
11.68716. 
11.688355 

11.878315 
11.879088 
11.880246 
11.881434 

11.844740 
11.846434 
11.847653 
11.849125 


306 


307 


4 
4 
4 
4 


0.45 
0.45 
0.45 
0.45 


BL 
BL 
BL 
BL 


28 
28 
28 
28 


564 
564 
564 
564 


2-4-8 
2-4-8 
2-4-8 
2-4-8 


74 
103 
121 
140 


11 

11, 

11, 

11, 


805200 
806964 
808144 
809584 


11, 
11, 
11, 
11. 


783778 
785176 
786486 
787931 


11.727326 
11.729056 
11.730315 
11.731616 


4  0.45  BL  90  564  5-6-7  76.0 

4  0.45  BL  90  564  5-6-7  104.0 

4  0.45  BL  90  564  5-6-7  122.0 

4  0.45  BL  90  564  5-6-7  142.0 

5  0.38  BL  28  658  3-5-7  74.5 
5  0.38  BL  28  658  3-5-7  103.0 
5  0.38  BL  28  658  3-5-7  124.0 
5  0.38  BL  28  658  3-5-7  142.0 


11.772154  11.689433  11.722700 

11.774056  11.691281  11.724639 

11.775006  11.692083  11.725558 

11.776425  11.693534  11.726809 

11.841665  11.835581  11.838748 

11.843486  11.837320  11.840370 

11.844944  11.838656  11.841456 

11.846104  11.839889  11.842524 


5 

0 

38 

BL 

28 

658 

1-4-8 

77.0 

11 

824335 

11 

811698 

11 

83546. 

5 

0 

38 

BL 

28 

658 

1-4-8 

100.0 

11 

825771 

11 

813128 

11 

83683c 

5 

0 

38 

BL 

28 

658 

1-4-8 

122.0 

11 

827036 

11 

814543 

11. 

838084 

5 

0. 

38 

BL 

28 

658 

1-4-8 

142.0 

11. 

828461 

11. 

815885 

11. 

839616 

6  0.38  BL  28  658  1-3-8   74.0 

6  0.38  BL  28  658  1-3-8  105.0 

6  0.38  BL  28  658  1-3-8  122.0 

6  0.38  BL  28  658  1-3-8  139.0 

6  0.38  BL  28  658  4-5-8   74.0 

6  0.38  BL  28  658  4-5-8  101.0 

6  0.38  BL  28  658  4-5-8  122.0 

6  0.38  BL  28  658  4-5-8  141.0 

7  0.45  BL  90  564  1-4-5  76.0 
7  0.45  BL  90  564  1-4-5  104.0 
7  0.45  BL  90  564  1-4-5  121.0 
7  0.45  BL  90  564  1-4-5  140.0 

7  0.45  BL  90  564  3-6-8   75.0 

7  0.45  BL  90  564  3-6-8  104.0 

7  0.45  BL  90  564  3-6-8  128.0 

7  0.45  BL  90  564  3-6-8  142.0 

8  0.53  BL  28  508  1-4-5  76.0 
8  0.53  BL  28  508  1-4-5  104.0 
8  0.53  BL  28  508  1-4-5  121.0 
8  0.53  BL  28  508  1-4-5  140.0 

8  0.53  BL  28  508  2-3-6   70.0 

8  0.53  BL  28  508  2-3-6  107.0 

8  0.53  BL  28  508  2-3-6  122.0 

8  0.53  BL  28  508  2-3-6  143.0 

9  0.45  BL  90  658  1-2-6  71.0 
9  0.45  BL  90  658  1-2-6  103.0 
9  0.45  BL  90  658  1-2-6  126.0 
9  0.45  BL  90  658  1-2-6  139.0 


11.826215  11.882474  11.875175 

11.828338  11.884706  11.877355 

11.829398  11.885818  11.878524 

11.830359  11.886829  11.878895 


11 

.874553 

11 

.874553 

11 

.81846 

11 

.835559 

11 

.875991 

11 

.81995t 

11 

.836945 

11 

.877295 

11 

.821308 

11 

.838318 

11 

.878659 

11 

.822604 

11 

.864688 

11 

.834983 

11 

.817421 

11 

.866453 

11 

.836004 

11 

.819440 

11 

.867475 

11 

.837063 

11 

.820396 

11 

.868758 

11 

.838169 

11 

.821383 

11 

.788650 

11 

.841030 

11 

.838039 

11 

.790214 

11 

.842768 

11 

839731 

11 

791733 

11 

.844393 

11 

841144 

11 

792225 

11 

845339 

11 

841901 

11 

806005 

11 

887953 

11. 

83727P 

11. 

807460 

11 

889738 

11. 

83915f 

11. 

808025 

11. 

890875 

11. 

840118 

11. 

809068 

11. 

891815 

11. 

841063 

11. 

857959 

11. 

846756 

11. 

776119 

11. 

860008 

11. 

849044 

11. 

778391 

11. 

860971 

11. 

849993 

11. 

779380 

11. 

862336 

11. 

851419 

11. 

780726 

11. 

867524 

11. 

822100 

11. 

813285 

11. 

869430 

11. 

824014 

11. 

815358 

11. 

870888 

11. 

825495 

11. 

816685 

11. 

871960 

11. 

826533 

11. 

817814 
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9  0.45  BL  90  658  3-7-8   73.0 

9  0.45  BL  90  658  3-7-8  100.0 

9  0.45  BL  90  658  3-7-8  123.0 

9  0.45  BL  90  658  3-7-8  140.0 


11.792576  11.759663  11.791845 

11.794225  11.761199  11.793499 

11.795704  11.762713  11.795046 

11.797034  11.764069  11.796223 


10  0.33  BL  90  752  2-5-7  74.0 

10  0.33  BL  90  752  2-5-7  102.0 

10  0.33  BL  90  752  2-5-7  121.0 

10  0.33  BL  90  752  2-5-7  141.0 


11.771350  11.798994  11.746950 

11.773281  11.800839  11.748671 

11.775561  11.802006  11.749665 

11.775989  11.803440  11.751034 


10  0.33  BL  90  752  1-3-6  74.0 

10  0.33  BL  90  752  1-3-6  96.0 

10  0.33  BL  90  752  1-3-6  123.0 

10  0.33  BL  90  752  1-3-6  140.0 


11.789759  11.774034  11.781155 

11.791086  11.775565  11.782601 

11.792459  11.777168  11.784114 

11.793780  11.778531  11.785581 


11  0.53  BL  28  564  4-6-7  76.0 

11  0.53  BL  28  564  4-6-7  100.0 

11  0.53  BL  28  564  4-6-7  122.0 

11  0.53  BL  28  564  4-6-7  140.0 


11.781526  11.722196  11.736958 

11.783261  11.724123  11.738959 

11.784661  11.725584  11.740435 

11.785796  11.726995  11.741633 


11 
11 
11 
11 


0.53 
0.53 
0.53 
0.53 


BL 
BL 
BL 
BL 


28 
28 
28 
28 


564 
564 
564 
564 


1-3-8 

1-3-8 
1-3-8 
1-3-8 


74 
99 

123, 

140. 


11. 
11, 

11, 
11. 


733791 
735336 
736769 
738139 


11.729230 
11.730794 
11.732289 
11.733423 


11.759335 
11.760896 
11.762208 
11.763489 


12 
12 
12 
12 


0 
0 

0 
0 


33 
33 
33 

33 


BL 
BL 

BL 
BL 


90 
90 
90 
90 


752 
752 
752 
752 


4-7-8 
4-7-8 
4-7-8 
4-7-8 


76 

100 
122, 

140, 


11.767341 
11.769123 
11.770475 
11.771703 


11.759000 
11.760730 
11.762099 
11.763358 


11.726228 
11.727985 
11.729358 
11.730620 


12  0.33  BL  90  752  1-5-6  76.0  11.769775  11 

12  0.33  BL  90  752  1-5-6  107.0  11.771691  11, 

12  0.33  BL  90  752  1-5-6  123.0  11.772441  11, 

12  0.33  BL  90  752  1-5-6  140.0  11.773583  11. 


745964 
747960 
749001 
750146 


11.748318 
11.750391 
11.751155 
11.752433 


13  0.53  RG  90  508  1-3-5   83.0 

13  0.53  RG  90  508  1-3-5  122.0 

13  0.53  RG  90  508  1-3-5  140.0 

13  0.53  RG  90  508  2-4-6   76.0 

13  0.53  RG  90  508  2-4-6  107.0 

13  0.53  RG  90  508  2-4-6  123.0 

13  0.53  RG  90  508  2-4-6  140.0 

14  0.33  RG  28  752  4-6-8  72.0 
14  0.33  RG  28  752  4-6-8  106.0 
14  0.33  RG  28  752  4-6-8  120.0 
14  0.33  RG  28  752  4-6-8  140.0 

14  0.33  RG  90  752  3-5-7   74.0 

14  0.33  RG  90  752  3-5-7   99.0 

14  0.33  RG  90  752  3-5-7  128.0 

14  0.33  RG  90  752  3-5-7  144.0 


11.695463 
11. 698406 
11.700066 

11.720879 
11.723445 
11.724623 
11.726140 

11.632023 
11.634100 
11.635625 
11.637756 

11.725269 
11.727270 
11.728949 
11.730236 


11 
11 
11, 


742469 
745416 
746801 


11.685966 
11.688614 
11.689711 
11.691159 

11.731594 
11.733536 
11.735065 
11.737134 

11.719474 
11.721433 
11.723230 
11.724433 


11.740061 
11.742780 
11.744418 

11.712629 
11.71522 
11.7162"; 
11.717768 

11.689308 
11.691340 
11.692688 
11.694676 

11.708160 
11.710179 
11.711778 
11.713106 
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15  0.53  RG  90  508  1-3-4  70.0 

15  0.53  RG  90  508  1-3-4  106.0 

15  0.53  RG  90  508  1-3-4  120.0 

15  0.53  RG  90  508  1-3-4  140.0 


11.666280  11.701981  11.737328 

11.668461  11.704049  11.739514 

11.670095  11.705816  11.741215 

11.672036  11.707769  11.742905 


15  0.53  RG  90  508  2-7-8  74.0 

15  0.53  RG  90  508  2-7-8  99.0 

15  0.53  RG  90  508  2-7-8  128.0 

15  0.53  RG  90  508  2-7-8  144.0 


11.712359  11.718599  11.748383 

11.714649  11.720796  11.750783 

11.716331  11.723501  11.752558 

11.717425  11.723849  11.753794 


16  0.45  RG  90  564  1-2-5   78.0 

16  0.45  RG  90  564  1-2-5  104.0 

16  0.45  RG  90  564  1-2-5  122.0 

16  0.45  RG  90  564  1-2-5  140.0 

16  0.45  RG  90  564  3-4-7   75.0 

16  0.45  RG  90  564  3-4-7  108.0 

16  0.45  RG  90  564  3-4-7  125.0 

16  0.45  RG  90  564  3-4-7  140.5 

17  0.33  RG  90  752  1-2-3  78.0 
17  0.33  RG  90  752  1-2-3  104.0 
17  0.33  RG  90  752  1-2-3  122.0 
17  0.33  RG  90  752  1-2-3  140.0 

17  0.33  RG  90  752  5-7-8   75.0 

17  0.33  RG  90  752  5-7-8  108.0 

17  0.33  RG  90  752  5-7-8  125.0 

17  0.33  RG  90  752  5-7-8  140.5 

18  0.45  RG  90  564  1-2-5  76.0 
18  0.45  RG  90  564  1-2-5  104.0 
18  0.45  RG  90  564  1-2-5  122.0 
18  0.45  RG  90  564  1-2-5  142.0 

IS  0.45  RG  90  564  3-4-6   74.0 

18  0.45  RG  90  564  3-4-6  100.0 

18  0.45  RG  90  564  3-4-6  125.0 

18  0.45  RG  90  564  3-4-6  140.0 

19  0.53  DL  90  508  2-5-6  82.0 
19  0.53  DL  90  508  2-5-6  106.0 
19  0.53  DL  90  508  2-5-6  122.0 
19  0.53  DL  90  508  2-5-6  141.5 

19  0.53  DL  90  508  1-3-8   74.0 

19  0.53  DL  90  508  1-3-8  100.0 

19  0.53  DL  90  508  1-3-8  125.0 

19  0.53  DL  90  508  1-3-8  140.0 

20  0.33  DL  28  752  3-7-8  77.0 
20  0.33  DL  28  752  3-7-8  100.0 
20  0.33  DL  28  752  3-7-8  122.0 
20  0.33  DL  28  752  3-7-8  142.0 


11.712110  11.685233  11.672970 

11.714081  11.687015  11.675046 

11.715060  11.687991  11.676043 

11.716654  11.689733  11.677614 

11.710605  11.700979  11.6512 

11.713129  11.703720  11.6539. 

11.714304  11.704835  11.655375 

11.715616  11.706048  11.656455 

11.673490  11.700879  11.724848 

11.675506  11.703203  11.726490 

11.676440  11.704283  11.727459 

11.677985  11.707954  11.729098 

11.661718  11.722040  11.682914 

11.664685  11.724703  11.68545 

11.665436  11.725800  11.68635. 

11.666656  11.727034  11.687614 

11.660731  11.692008  11.674968 

11.663100  11.693453  11.677169 

11.664278  11.695598  11.678324 

11.665869  11.697194  11.680051 

11.678944  11.649665  11.652153 
11.680981  11.652020  11.654330 
11.682971  11.653918  11.656085 
11.683788  11.654396  11.656780 


11.668398 
11.670128 
11.671328 
11.672631 


11.673100 
11.674879 
11.676051 
11.677563 


11.64526f 
11.64696 

11.648064 
11.649589 


11.647626  11.656546  11.704311 

11.649598  11.658523  11.706059 

11.651281  11.660238  11.707654 

11.651953  11.660894  11.708256 

11.728236  11.717085  11.716115 

11.729886  11.718706  11.717278 

11.731301  11.720074  11.718760 

11.732908  11.721636  11.720199 


310 


20 
20 
20 
20 


0 
0 
0 
0. 


33 
33 
33 
33 


DL 
DL 
DL 
DL 


28 
28 
28 
28 


752 
752 
752 
752 


1-4-5 
1-4-5 
1-4-5 
1-4-5 


74 
103, 
130, 
143, 


11.715641 
11.717345 
11.719136 
11.720238 


11 
11 
11 
11 


712993 
714698 
716171 
717388 


11.689728 
11.691553 
11.693218 
11.694293 


21  0.53 

21  0.53 

21  0.53 

21  0.53 


DL 
DL 
DL 
DL 


28 
28 
28 
28 


508 
508 
508 
508 


4-6-7 
4-6-7 
4-6-7 
4-6-7 


74 
101, 
122, 
141, 


11.659873 
11.661469 
11.662930 
11.664481 


11.733969 
11.735714 
11.737025 
11.739510 


11.718933 
11.720590 
11.721906 
11.723374 


21  0.53  DL  28  508  1-3-8  74.0 

21  0.53  DL  28  508  1-3-8  106.0 

21  0.53  DL  28  508  1-3-8  127.0 

21  0.53  DL  28  508  1-3-8  143.0 


22  0.45 

22  0.45 

22  0.45 

22  0.45 

22  0.45 

22  0.45 

22  0.45 

22  0.45 


DL 
DL 
DL 
DL 

DL 

DL 
DL 

DL 


90 
90 
90 
90 

90 
90 
90 
90 


564 
564 
564 
564 

564 
564 
564 
564 


4-6-7 

4-6-7 
4-6-7 
4-6-7 

2-3-5 
2-3-5 
2-3-5 
2-3-5 


78 
104 
123 
140 

74, 
106, 
127, 

143, 


0 
0 
0 
0 

0 
0 
0 
0 


23  0.33  DL  90  752  1-5-6   75.0 

23  0.33  DL  90  752  1-4-6  104.0 

23  0.33  DL  90  752  1-5-6  128.0 

23  0.33  DL  90  752  1-5-6  142.0 

23  0.33  DL  90  752  2-3-7   82.0 

23  0.33  DL  90  752  2-3-7  106.0 

23  0.33  DL  90  752  2-3-7  124.0 

23  0.33  DL  90  752  2-3-7  140.0 

24  0.45  DL  90  564  4-5-6  70.0 
24  0.45  DL  90  564  4-5-6  107.0 
24  0.45  DL  90  564  4-5-6  122.0 
24  0.45  DL  90  564  4-5-6  143.0 

24  0.45  DL  90  564  1-7-8   82.0 

24  0.45  DL  90  564  1-7-8  106.0 

24  0.45  DL  90  564  1-7-8  124.0 

24  0.45  DL  90  564  1-7-8  140.0 


11.715518  11.737404  11.731645 

11.716878  11.739026  11.733295 

11.718405  11.740589  11.734706 

11.719811  11.741925  11.735994 


11, 
11, 
11, 
11, 

11. 
11. 
11. 
11. 


732960  11.703264 
734595  11.705024 
735763  11.706223 
736990  11.707603 


734014 
735483 
736930 
738301 


11 

11 
11 
11 


690328 
691806 
693446 
694840 


11.719910 
11.721606 
11.723364 
11.724325 

11.764124 
11.765806 
11.766946 
11.768066 


11.748233 
11.749756 
11.751329 
11.752243 

11.747821 
11.749670 
11.750958 
11.752083 


11.725441  11.752840 
11.728049  11.755445 
11.729148  11.756578 
11.730540  11.758100 


11.741986 
11.743829 
11.745196 
11.746310 


11, 
11, 
11, 
11, 


721024 
722739 
724096 
725321 


11.724630 
11.726343 
11.727499 
11.728815 

11.730130 
11.731216 
11.732651 
11.733959 

11.771068 
11.772829 
11.774583 
11.775516 

11.746870 
11.748658 
11.749916 
11.751125 

11.72928 
11.731931 
11.732996 
11.734388 

11.731008 
11.73277 

11.734046 
11.735344 


APPENDIX  D 
LENGTH  READINGS  OF  OVEN-DRIED  LABORATORY  CONCRETE  SPECIMENS 


COEFFICIENT  OF  THERMAL  EXPANSION 
DRY  SPECIMENS 
LABORATORY  STUDY 

LEGEND 

COLUMN  A  =  BATCH  NUMBER 

COLUMN  B  =  WATER-CEMENT  RATIO 

COLUMN  C  =  TYPE  OF  AGGREGATE 

COLUMN  D  =  MOIST-CURING  DURATION  (DAYS) 

COLUMN  E  =  CEMENT  CONTENT  (lb/cy) 

COLUMN  F  ■  SPECIMEN  IDENTIFICATION  NUMBERS 

(SEPARATED  BY  DASHES) 
COLUMN  G  =  SPECIMEN  TEMPERATURE 

COLUMN  H  =  LENGTH  OF  FIRST  SPECIMEN  IN  COLUMN  F 
COLUMN  I  =  LENGTH  OF  SECOND  SPECIMEN  IN  COLUMN  F 
COLUMN  J  =  LENGTH  OF  THIRD  SPECIMEN  IN  COLUMN  F 


A     B   C   D    E     F 

1  0.53  BL  28  564  3-6 

1  0.53  BL  28  564  3-6 

1  0.53  BL  28  564  3-6 

1  0.53  BL  28  564  3-6 

1  0.53  BL  28  564  4 

1  0.53  BL  28  564  4 

1  0.53  BL  28  564  4 

1  0.53  BL  28  564  4 


3 
3 
3 

3 

3 
3 
3 


G 
82. 

104. 
124. 

140. 


11 
11 
11 
11 


H 

849476 
850830 
843385 
852516 


11 
11 
11 


I 
840856 
842109 
843385 


11.844159 


86.0  11.806335 

106.5  11.807480 

123.0  11.808836 

140.0  11.810234 


1  0.53  BL  90  564  1-5-7   74.0 

1  0.53  BL  90  564  1-5-7  104.0 

1  0.53  BL  90  564  1-5-7  122.0 

1  0.53  BL  90  564  1-5-7  142.0 

2  0.53  BL  28  508  2-1-6  82.0 
2  0.53  BL  28  508  2-1-6  104.0 
2  0.53  BL  28  508  2-1-6  124.0 
2  0.53  BL  28  508  2-1-6  140.0 


11.820670  11.821095  11.785166 

11.833290  11.823623  11.787700 

11.824334  11.814631  11.788586 

11.825730  11.816024  11.789668 

11.847353  11.866634  11.868629 

11.848805  11.867844  11.870204 

11.849939  11.869056  11.871491 

11.850900  11.870101  11.872523 


2  0.53  BL  90  508  3-7-9  81.0  11.704571  11.722589  11.680279 

2  0.53  BL  90  508  3-7-9  108.0  11.706204  11.724256  11.68207- 

2  0.53  BL  90  508  3-7-9  124.0  11.707050  11.725385  11.68316 

2  0.53  BL  90  508  3-7-9  140.0  11.708191  11.726385  11.684060 


0.45 

0.45 
0.45 
0.45 

0.45 
0.45 
0.45 


BL 

BL 
BL 
BL 

BL 
BL 
BL 


28 
28 
28 
28 

90 
90 
90 


658 
658 
658 
658 

658 
658 
658 


1-2-7 

1-2-7 
1-2-7 
1-2-7 

3-5-8 
3-5-8 
3-5-8 


77 
104 
122 
140, 


80.0 
108.0 
124.0 


11 
11 
11, 

11. 

11. 

11. 
11. 


842821 
844308 
845611 
846655 

788295 
790125 
791108 


11.793568 
11.795120 
11.796336 
11.797474 


11 
11 
11, 


789418 
790340 
791529 


11.873136 
11.874764 
11.876100 

11.877463 

11.840765 
11.842629 
11.843915 


4       0.45    BL    28    564    2-4-8 


74.0       11.800873    11.779251    11.723019 

312 


313 


4  0.45  BL  28  564  2-4-8  104.0 

4  0.45  BL  28  564  2-4-8  122.0 

4  0.45  BL  28  564  2-4-8  142.0 

4  0.45  BL  90  564  5-6-7   78.0 

4  0.45  BL  90  564  5-6-7  107.0 

4  0.45  BL  90  564  5-6-7  121.0 

4  0.45  BL  90  564  5-6-7  142.5 

5  0.38  BL  28  658  3-5-7  81.0 
5  0.38  BL  28  658  3-5-7  108.0 
5  0.38  BL  28  658  3-5-7  124.0 
5  0.38  BL  28  658  3-5-7  140.0 

5  0.38  BL  28  658  1-4-8   80.0 

5  0.38  BL  28  658  1-4-8  102.0 

5  0.38  BL  28  658  1-4-8  121.5 

5  0.38  BL  28  658  1-4-8  141.0 

6  0.38  BL  28  658  1-3-8  76.0 
6  0.38  BL  28  658  1-3-8  104.0 
6  0.38  BL  28  658  1-3-8  122.0 
6  0.38  BL  28  658  1-3-8  140.0 


11.803491  11.781706  11.725604 
11.804421  11.782720  11.726843 
11.805733  11.784096  11.728269 

11.767949  11.685463  11.718603 

11.769914  11.687226  11.720533 

11.771079  11.688386  11.721506 

11.772774  11.690059  11.723100 

11.838435  11.832123  11.834618 

11.840146  11.833824  11.836326 

11.840971  11.834710  11.837389 

11.841976  11.835850  11.838361 

11.821115  11.808876  11.83278^ 
11.822611  11.810443  11.83426 
11.824001  11.811658  11.835546 
11.826373  11.813086  11.836786 

11.821891  11.878823  11.869981 

11.823783  11.880850  11.871746 

11.824853  11.881864  11.872843 

11.825979  11.883044  11.873820 


6  0.38  BL  28  658  4-5-8  78.5  11.830465  11.870353  11.81508c 

6  0.38  BL  28  658  4-5-8  107.0  11.832465  11.872483  11.81707: 

6  0.38  BL  28  658  4-5-8  121.5  11.834418  11.874059  11.818841 

6  0.38  BL  28  658  4-5-8  140.0  11.834711  11.874516  11.819054 


7   0.45  BL  90  564  1-4-5   76.0  11.859744  11.830298  11.814050 

7   0.45  BL  90  564  1-4-5  102.0  11.861343  11.832071  11.816104 

0  11.862614  11.833295  11.817376 

0  11.863438  11.833971  11.818191 


0.45  BL  90  564  1-4-5  126 
0.45  BL  90  564  1-4-5  140 


7  0.45  BL  90  564  3-6-8   89.0 

7  0.45  BL  90  564  3-6-8  101.0 

7  0.45  BL  90  564  3-6-8  125.0 

7  0.45  BL  90  564  3-6-8  142.0 

8  0.53  BL  28  508  1-4-5  76.0 
8  0.53  BL  28  508  1-4-5  102.0 
8  0.53  BL  28  508  1-4-5  126.0 
8  0.53  BL  28  508  1-4-5  140.0 

8  0.53  BL  28  508  2-3-6   82.0 

8  0.53  BL  28  508  2-3-6  104.5 

8  0.53  BL  28  508  2-3-6  123.5 

8  0.53  BL  28  508  2-3-6  142.0 

9  0.45  BL  90  658  1-2-6  79.0 
9  0.45  BL  90  658  1-2-6  107.0 
9  0.45  BL  90  658  1-2-6  122.0 
9  0.45  BL  90  658  1-2-6  140.0 


11.785268  11.838798  11.835634 

11.786251  11.839590  11.836375 

11.787791  11.841078  11.837844 

11.789166  11.842310  11.839033 

11.800814  11.883750  11.833160 

11.802481  11.885764  11.835095 

11.803853  11.887189  11.836576 

11.804573  11.887951  11.837213 

11.854529  11.843789  11.773046 

11.856165  11.845454  11.774815 

11.857474  11.846848  11.776218 

11.858801  11.847944  11.777259 

11.863079  11.817699  11.809580 

11.864996  11.819719  11.811063 

11.866050  11.820700  11.812066 

11.867296  11.821999  11.813385 


314 


9  0.45  BL  90  658  3-7-8  78.0  11.788934  11.756099  11.788634 

9  0.45  BL  90  658  3-7-8  105.0  11.790665  11.757991  11.790290 

9  0.45  BL  90  658  3-7-8  123.0  11.791621  11.759024  11.791175 

9  0.45  BL  90  658  3-7-8  141.5  11.792716  11.760015  11.792261 


10 
10 
10 


11 
11 


12 
12 
12 

12 


0 
0 
0, 


33 
33 
33 


BL 
BL 
BL 


90 
90 
90 


752 
752 
752 


2-5-7 
2-5-7 
2-5-7 


80 
108, 

124, 


11.766980 
11.768940 
11.769993 


11 
11, 

11, 


794559 
796484 
797516 


11.742430 
11.744525 
11.745785 


10  0.33  BL  90  752  1-3-6  85.0 

10  0.33  BL  90  752  1-3-6  106.5 

10  0.33  BL  90  752  1-3-6  123.0 

10  0.33  BL  90  752  1-3-6  140.0 

11  0.53  BL  28  564  4-6-7  84.0 
11  0.53  BL  28  564  4-6-7  106.0 
11  0.53  BL  28  564  4-6-7  122.0 
11  0.53  BL  28  564  4-6-7  145.0 


11.785028  11.769554  11.776683 

11.786345  11.770871  11.777984 

11.787620  11.772158  11.779184 

11.789168  11.773678  11.780518 

11.776558  11.718626  11.73354' 

11.778993  11.720151  11.7354' 

11.780233  11.721394  11.73661* 

11.781401  11.722589  11.737790 


11   0.53  BL  28  564  1-3-8   86.0  11.729701  11.725040  11.754996 

0.53  BL  28  564  1-3-8  106.5  11.730876  11.726455  11.756303 

0  11.732144  11.727601  11.757403 

0  11.733583  11.728925  11.758879 


0.53  BL  28  564  1-3-8  123 
0.53  BL  28  564  1-3-8  140, 


0.33 
0.33 
0.33 
0.33 


BL 
BL 
BL 
BL 


90 
90 
90 
90 


752 
752 
752 
752 


4-7-8 
4-7-8 
4-7-8 
4-7-8 


84 
106 
122 

145, 


11.761938 
11.763603 
11.765000 
11.766221 


11.754293 
11.755905 
11.757293 
11.758660 


11.721429 
11.722914 
11.724276 
11.725606 


12  0.33  BL  90  752  1-5-6   83.0 

12  0.33  BL  90  752  1-5-6  106.0 

12  0.33  BL  90  752  1-5-6  123.5 

12  0.33  BL  90  752  1-5-6  140.0 

13  0.53  RG  90  508  1-3-5  74.5 
13  0.53  RG  90  508  1-3-5  104.0 
13  0.53  RG  90  508  1-3-5  122.0 
13  0.53  RG  90  508  1-3-5  140.0 

13  0.53  RG  90  508  2-4-6   83.0 

13  0.53  RG  90  508  2-4-6  106.0 

13  0.53  RG  90  508  2-4-6  123.5 

13  0.53  RG  90  508  2-4-6  140.0 

14  0.33  RG  28  752  4-6-8  74.0 
14  0.33  RG  28  752  4-6-8  106.0 
14  0.33  RG  28  752  4-6-8  122.0 
14  0.33  RG  28  752  4-6-8  142.0 

14  0.33  RG  90  752  3-5-7   83.0 

14  0.33  RG  90  752  3-5-7  105.5 

14  0.33  RG  90  752  3-5-7  123.0 

14  0.33  RG  90  752  3-5-7  141.0 


11.765868  11.741974  11.744814 

11.767199  11.743428  11.746054 

11.768436  11.744560  11.747174 

11.769743  11.745879  11.748268 


11 

.690765 

11 

.737563 

11 

.735139 

11 

.693424 

11 

.740236 

11 

.737745 

11 

.694950 

11 

.741779 

11 

.739154 

11 

.696598 

11 

.743424 

11 

.740811 

11 

.716850 

11 

.682169 

11 

.709366 

11 

.718776 

11 

.683831 

11, 

.711224 

11 

.720461 

11 

.685395 

11, 

.712624 

11, 

.722024 

11, 

.686714 

11, 

.714058 

11. 

626625 

11. 

.725781 

11. 

,  683563 

11. 

629315 

11. 

728463 

11. 

686226 

11. 

631080 

11. 

730140 

11. 

687563 

11. 

632606 

11. 

731903 

11. 

689160 

11. 

723068 

11. 

717263 

11. 

706080 

11. 

724610 

11. 

718985 

11. 

707723 

11. 

725706 

11. 

720101 

11. 

708709 

11. 

726971 

11. 

721371 

11. 

709966 

315 


15  0.53  RG  90  508  1-3-4   74.0 

15  0.53  RG  90  508  1-3-4  106.0 

15  0.53  RG  90  508  1-3-4  122.0 

15  0.53  RG  90  508  1-3-4  142.0 

15  0.53  RG  90  508  2-7-8   83.0 

15  0.53  RG  90  508  2-7-8  105.5 

15  0.53  RG  90  508  2-7-8  123.0 

15  0.53  RG  90  508  2-7-8  141.0 

16  0.45  RG  90  564  1-2-5  82.0 
16  0.45  RG  90  564  1-2-5  106.0 
16  0.45  RG  90  564  1-2-5  118.0 
16  0.45  RG  90  564  1-2-5  140.5 


18 
18 
18 
18 

18 
18 
18 
18 

19 
19 
19 
19 

19 

19 
19 
19 

20 
20 
20 
20 


11.661419  11.696785  11.732560 

11.664095  11.699556  11.735479 

11.665889  11.701099  11.736865 

11.667381  11.702911  11.738391 

11.709850  11.715830  11.746135 

11.711785  11.717899  11.748100 

11.713109  11.719084  11.749304 

11.714346  11.720520  11.750718 

11.707646  11.680759  11.669144 

11.709968  11.683235  11.671445 

11.711508  11.684800  11.672876 

11.712830  11.685930  11.674084 


16  0.45  RG  90  564  3-4-7  82.0  11.707533  11.698105  11.648415 

16  0.45  RG  90  564  3-4-7  103.0  11.709650  11.700049  11.650480 

16  0.45  RG  90  564  3-4-7  125.0  11.711528  11.702175  11.652560 

16  0.45  RG  90  564  3-4-7  143.0  11.712705  11.703155  11.653231 


17  0.33  RG  90  752  1-2-3  82.0 

17  0.33  RG  90  752  1-2-3  106.0 

17  0.33  RG  90  752  1-2-3  118.0 

17  0.33  RG  90  752  1-2-3  140.5 


11.668776  11.697013  11.720259 
11.671055  11.699150  11.722444 
11.672644  11.700766  11.723998 
11.673993  11.701956  11.725066 


17  0.33  RG  90  752  5-7-8  82.0  11.658830  11.719503  11.68009' 

17  0.33  RG  90  752  5-7-8  103.0  11.660738  11.721583  11.68194 

17  0.33  RG  90  752  5-7-8  125.0  11.662625  11.723368  11.683674 

17  0.33  RG  90  752  5-7-8  143.0  11.663499  11.724274  11.684639 


0.45  RG  90  564  1-2-5  78.0 

0.45  RG  90  564  1-2-5  107.0 

0.45  RG  90  564  1-2-5  121.0 

0.45  RG  90  564  1-2-5  142.5 

0.45  RG  90  564  3-4-6  82.5 

0.45  RG  90  564  3-4-6  104.5 

0.45  RG  90  564  3-4-6  123.0 

0.45  RG  90  564  3-4-6  141.0 


11.656268  11.687328  11.670429 

11.658691  11.689850  11.672775 

11.660156  11.691181  11.674014 

11.662226  11.693255  11.676044 

11.676909  11.647825  11.650241 

11.678815  11.649740  11.652208 

11.680603  11.651380  11.653910 

11.681785  11.652661  11.654930 


0.53  DL  90  508  2-5-6   82.0  11.666198  11.670783  11.643618 

0.53  DL  90  508  2-5-6  105.0  11.667991  11.672501  11.645275 

0.53  DL  90  508  2-5-6  121.5  11.669176  11.673755  11.646320 

0.53  DL  90  508  2-5-6  145.0  11.670836  11.675419  11.648393 

0.53  DL  90  508  1-3-8   82.5  11.647005  11.656061  11.703826 

0.53  DL  90  508  1-3-8  104.5  11.648650  11.657683  11.705410 

0.53  DL  90  508  1-3-8  123.0  11.650369  11.659174  11.706561 

0.53  DL  90  508  1-3-8  141.0  11.651448  11.660251  11.707556 

0.33  DL  28  752  3-7-8   80.0  11.725694  11.714171  11.713109 

0.33  DL  28  752  3-7-8  102.0  11.727266  11.715789  11.714738 

n  '11    m  11    l5J  3"7"8  121-5  1]-728695  11.717106  11.715906 

0.33  DL  28  752  3-7-8  141.0  11.729929  11.718419  11.717158 
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20  0.33  DL  28  752  1-4-5  84.5 

20  0.33  DL  28  752  1-4-5  105.5 

20  0.33  DL  28  752  1-4-5  122.0 

20  0.33  DL  28  752  1-4-5  141.5 

21  0.53  DL  28  508  4-6-7  78.5 
21  0.53  DL  28  508  4-6-7  107.0 
21  0.53  DL  28  508  4-6-7  121.5 
21  0.53  DL  28  508  4-6-7  140.0 


11.714013  11.711139  11.688025 

11.715511  11.712728  11.689645 

11.716486  11.713973  11.690900 

11.717806  11.715405  11.692249 

11.657120  11.730984  11.716469 

11.659216  11.733195  11.718591 

11.660958  11.725019  11.720213 

11.661541  11.735560  11.720600 


21 
21 
21 
21 


22 
22 
22 
22 

23 

23 
23 

23 


0.53 
0.53 
0.53 
0.53 


22  0.45 

22  0.45 

22  0.45 

22  0.45 


0.45 

0.45 
0.45 
0.45 

0.33 
0.33 
0.33 
0.33 


DL 
DL 
DL 
DL 

DL 
DL 
DL 
DL 

DL 
DL 

DL 
DL 

DL 
DL 
DL 
DL 


28 
28 
28 
28 

90 
90 
90 
90 

90 
90 
90 
90 

90 
90 
90 
90 


508 
508 
508 
508 

564 
564 
564 
564 

564 
564 
564 
564 

752 
752 
752 
752 


1-3-8 

1-3-8 
1-3-8 
1-3-8 

4-6-7 
4-6-7 
4-6-7 
4-6-7 

2-3-5 
2-3-5 
2-3-5 
2-3-5 

1-5-6 
1-4-6 
1-5-6 
1-5-6 


78 
101 
120 
141, 

74, 
106, 
126. 
142. 


89 
101 

125 
142 


0 
5 
0 
0 

5 
5 
0 
0 


78.0 
101.5 
120.0 
141.0 


23  0.33  DL  90  752  2-3-7  78.0 

23  0.33  DL  90  752  2-3-7  110.0 

23  0.33  DL  90  752  2-3-7  122.5 

23  0.33  DL  90  752  2-3-7  140.0 

24  0.45  DL  90  564  4-5-6  82.0 
24  0.45  DL  90  564  4-5-6  104.5 
24  0.45  DL  90  564  4-5-6  123.5 
24  0.45  DL  90  564  4-5-6  142.0 

24  0.45  DL  90  564  1-7-8  78.0 

24  0.45  DL  90  564  1-7-8  110.0 

24  0.45  DL  90  564  1-7-8  122.5 

24  0.45  DL  90  564  1-7-8  140.0 


11 
11 
11 
11, 

11, 
11. 
11. 
11. 


11 

11 
11 
11, 


712879 
714566 
715331 
716979 

728978 
731243 
732775 
733914 


11.731501 
11.733089 
11.733738 
11.735423 


718095 
718956 
720863 
721838 


11.761168 
11.763280 
11.764083 
11.765326 


11.739303 
11.741238 
11.741984 
11.743095 


11.735080 
11.736765 
11.737461 
11.739481 

11.699490 
11.701936 
11.703450 
11.704513 

11. 687825 
11.689561 
11.690223 
11.692026 


11 
11 
11 
11, 


11.723201  11 
11.725121  11, 
11.726614  11, 
11.728039  11, 


745933 
746728 
748823 
749801 


11.745078 
11.747278 
11.748125 
11.749470 


750796 
752610 
754233 
755550 


11.717873 
11.720015 
11.720931 
11.722095 


11.729088 
11.730895 
11.731744 
11.733728 

11.720719 
11.723145 
11.724544 
11.725574 

11.727185 
11.728951 
11.729698 
11.731661 

11.769392 
11. 77023t 
11.771951 
11.772896 

11.744158 
11.746345 
11.747258 
11.748590 

11.727156 
11.729068 
11.730594 
11.731681 

11.72800C 

11.730239 
11.731116 
11.732396 


APPENDIX  E 
LENGTH  READINGS  OF  PARTIALLY-SATURATED  LABORATORY  CONCRETE  SPECIMENS 


COEFFICIENT  OF  MOISTURE  EXPANSION 
LABORATORY  STUDY 


LEGEND 

COLUMN  A  =  BATCH  NUMBER 

COLUMN  B  =  WATER-CEMENT  RATIO 

COLUMN  C  =  TYPE  OF  AGGREGATE 

COLUMN  D  =  MOIST-CURING  DURATION  (DAYS) 

COLUMN  E  =  CEMENT  CONTENT  (lb/cy) 

COLUMN  F  =  AMBIENT  TEMPERATURE  (OF) 

COLUMN  G  =  SPECIMEN  IDENTIFICATION  NUMBER 

COLUMN  H  =  WEIGHT  OF  CONCRETE  SPECIMEN 

COLUMN  I  =  CHANGE  IN  WEIGHT  OF  SPECIMEN  WITH  RESPECT  TO 

OVEN-DRIED  WEIGHT 
COLUMN  J  -  MEASURED  LENGTH  OF  CONCRETE  SPECIMEN  (INCHES) 
COLUMN  K  -  CHANGE  IN  TEMP.  FROM  REFERENCE  TEMP. 
COLUMN  L  =  LENGTH  OF  SPECIMEN  CORRECTED  FOR  TEMP. 


A     B   C    D   E    F 

1  0.53  BL  28  564  77.5 

1  0.53  BL  28  564  77.5 

1  0.53  BL  28  564  77.0 

1  0.53  BL  28  564  77.0 

1  0.53  BL  28  564  77.5 

1  0.53  BL  28  564  77.5 

1  0.53  BL  28  564  77.0 

1  0.53  BL  28  564  77. 0 

1  0.53  BL  28  564  74.0 

1  0.53  BL  28  564  69.5 

1  0.53  BL  28  564  72.0 

1  0.53  BL  28  564  70.0 

1  0. 53  BL  90  564  74. 0 

1  0.53  BL  90  564  76.0 

1  0.53  BL  90  564  74.0 

1  0.53  BL  90  564  73.5 

1  0.53  BL  90  564  79.0 

1  0.53  BL  90  564  74.0 

1  0.53  BL  90  564  76.0 

1  0.53  BL  90  564  74. 0 

1  0.53  BL  90  564  73.5 

1  0.53  BL  90  564  79.0 

1  0.53  BL  90  564  74.0 

1  0.53  BL  90  564  76.0 

1  0.53  BL  90  564  74.0 

1  0.53  BL  90  564  73.5 

1  0.53  BL  90  564  79.0 


G    H  I         J 

3  3618.7  121.9  11.853831 

3  3549.4  52.6  11.853829 

3  3530.8  34.0  11.853739 

3  3496.8  0.0  11.853488 

6  3601.4  119.8  11.854559 

6  3536.9  55.3  11.845443 

6  3515.9  34.3  11.845446 

6  3481.6  0.0  11.845130 

4  3558.2  128.8  11.809544 
4  3525.1  95.7  11.809340 
4  3490.8  61.4  11.809184 
4  3429.4  0.0  11.807984 

1  3621.3  110.6  11.825045 


1  3565.4 

1  3537.7 
1  3519.7 
1  3510.7 


54.7  11.824880 

27.0  11.824401 

9.0  11.823611 

0.0  11.823439 


5  3629.8  102.5  11.814928 

5  3579.3  52.0  11.813086 

5  3553.7  26.4  11.812791 

5  3536.4  9.1  11.811773 

5  3527.3  0.0  11.811595 

7  3624.0  110.8  11.785708 


7  3566.9 
7  3540.3 
7  3522.1 
7  3513.2 


53.7  11.785686 

27.1  11.785585 

8.9  11.785031 

0.0  11.784636 


K       L 

-0.5  11.853828 

-0.5  11.853826 

0.0  11.853739 

0.0  11.853488 

-0.5  11.854556 

-0.5  11.845440 

0.0  11.845446 

0.0  11.845130 

3.0  11.809561 

7.5  11.809382 

5.0  11.809212 

7.0  11.808023 

3.0  11.825062 

1.0  11.824886 

3.0  11.824418 

3.5  11.823630 

-2.0  11.823428 

3.0  11.814945 
1.0  11.813092 
3.0  11.812808 
3.5  11.811792 
-2.0  11.811584 

3.0  11.785725 
1.0  11.785692 
3.0  11.785602 
3.5  11.785050 
•2.0  11.784625 
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2  0.53  BL  28  508  77.5 

2  0.53  BL  28  508  77.5 

2  0.53  BL  28  508  77.0 

2  0.53  BL  28  508  77.0 

2  0.53  BL  28  508  77.5 

2  0.53  BL  28  508  77.5 

2  0.53  BL  28  508  77.0 

2  0.53  BL  28  508  77.0 

2  0.53  BL  28  508  77.5 

2  0.53  BL  28  508  77.5 

2  0.53  BL  28  508  77.0 

2  0.53  BL  28  508  77.0 

2  0.53  BL  90  508  74.5 

2  0.53  BL  90  508  74.0 

2  0.53  BL  90  508  72.5 

2  0.53  BL  90  508  73.5 

2  0.53  BL  90  508  81.0 

2  0.53  BL  90  508  74.5 

2  0.53  BL  90  508  74.0 

2  0.53  BL  90  508  72.5 

2  0.53  BL  90  508  73.5 

2  0.53  BL  90  508  81.0 

2  0.53  BL  90  508  74.5 

2  0.53  BL  90  508  74.0 

2  0.53  BL  90  508  72.5 

2  0.53  BL  90  508  73.5 

2  0.53  BL  90  508  81.0 


3  0.45  BL  28  658  77.5 

3  0.45  BL  28  658  77.5 

3  0.45  BL  28  658  77.0 

3  0.45  BL  28  658  77.0 

3  0.45  BL  28  658  77.5 

3  0.45  BL  28  658  77.5 

3  0.45  BL  28  658  77.0 

3  0.45  BL  28  658  77.0 

3  0.45  BL  28  658  77.5 

3  0.45  BL  28  658  77.5 

3  0.45  BL  28  658  77.0 

3  0.45  BL  28  658  77.0 

3  0.45  BL  90  658  74.  0 

3  0.45  BL  90  658  67.0 

3  0.45  BL  90  658  72.0 

3  0.45  BL  90  658  76. 0 

3  0.45  BL  90  658  80.0 


1  3583.9  114.8  11.851244  -0.5  11.851241 

1  3523.5  54.4  11.851234  -0.5  11.851231 

1  3504.4  35.3  11.851205   0.0  11.851205 

1  3469.1  0.0  11.850886   0.0  11.850886 

2  3584.2  122.1  11.878913  -0.5  11.878910 
2  3523.9  61.8  11.870065  -0.5  11.870062 
2  3501.7  39.6  11.870019  0.0  11.870019 
2  3462.1  0.0  11.869751   0.0  11.869751 

6  3717.7  112.4  11.879905  -0.5  11.879902 

6  3671.5  66.2  11.871049  -0.5  11.871046 

6  3653.1  47.8  11.871050   0.0  11.871050 

6  3605.3  0.0  11.870999   0.0  11.870999 


3  3631.2 

3  3575.7 

3  3528.9 

3  3498.7 

3  3406.9 


224.3  11.708033 

168.8  11.706974 

122.0  11.706941 

91.8  11.706611 

0.0  11.704571 


7  3630.0  229.2  11.725608 


7  3574.0 
7  3520.2 

7  3491.1 
7  3400.8 


173 
119, 
90, 
0, 


11.725156 
11.725116 
11.724635 
11.722589 


2 
3 
4 
3 
-4, 

2  , 
3, 
4  . 
3. 
•4. 


5 
0 
5 
5 
0 

5 
0 
5 
5 
0 


11.708047 
11.706991 
11.706966 
11.706630 
11.704549 


11. 
11, 
11. 
11. 
11. 


725622 
725173 
725141 
724654 
722567 


9  3672.8  228.1  11.683303 
9  3613.6  168.9  11.682636 
116.8  11.683049 
88.2  11.682201 


9  3561.5 
9  3532.9 
9  3444.7 


2.5  11.683317 
3.0  11.682653 
4.5  11.683074 
3.5  11.682220 


0.0  11.680279  -4.0  11.680257 


1  3763.8  89.8  11.848354  -0.5  11.848351 

1  3724.2  50.2  11.848330  -0.5  11.848327 

1  3709.5  35.5  11.848316   0.0  11.848316 

1  3674.0  0.0  11.848231   0.0  11.848231 

2  3709.9  102.9  11.798909  -0.5  11.798906 
2  3662.4  55.4  11.798881  -0.5  11.798878 
2  3644.8  37.8  11.798828   0.0  11.798828 

2  3607.0  0.0  11.798814   0.0  11.798814 

7  3771.8  103.0  11.878694  -0.5  11.878691 

7  3724.9  56.1  11.878591  -0.5  11.878588 

7  3707.1  38.3  11.878456   0.0  11.878456 

7  3668.8  0.0  11.878299   0.0  11.878299 

3  3756.7  258.9  11.792458  3.0  11.792475 
3  3712.3  214.5  11.790899  10.0  11.790955 
3  3546.0  48.2  11.789703  5.0  11.789731 
3  3522.4  24.6  11.789328  1.0  11.789334 
3  3497.8  0.0  11.788295  -3.0  11.788278 
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3  0.45  BL  90  658  74.0 

3  0.45  BL  90  658  67.0 

3  0.45  BL  90  658  72.0 

3  0.45  BL  90  658  76.0 

3  0.45  BL  90  658  80.0 

3  0.45  BL  90  658  74.0 

3  0.45  BL  90  658  67.0 

3  0.45  BL  90  658  72.0 

3  0.45  BL  90  658  76.0 

3  0.45  BL  90  658  80.0 


4 
4 
4 

4 
4 
4 


5  3802.9  259.8  11.792125  3.0  11.792142 

5  3757.0  213.9  11.790831  10.0  11.790887 

5  3593.2   50.1  11.789775  5.0  11.789803 

5  3569.1   26.0  11.789425  1.0  11.789431 

5  3543.1    0.0  11.789418  -3.0  11.789401 


8  3807.8  259.4  11.844740   3 

8  3764.9  216.5  11.843416  10, 

8  3599.8  51.4  11.842000   5, 

8  3576.0  27.6  11.841750   1, 

8  3548.4  0.0  11.840765  -3. 


0  11.844757 
0  11.843472 
0  11.842028 
0  11.841756 
0  11.840748 


4   0.45  BL  28  564  74.0   2  3789.5  246.4  11.805200 

2  3741.0  197.9  11.805040 


4  0.45  BL  28  564  76.0 

4  0.45  BL  28  564  74.0 

4  0.45  BL  28  564  73.5 

4  0.45  BL  28  564  79.0 

4  0.45  BL  28  564  74.0 


2  3718.0  174.9  11.804640 
2  3710.1  167.0  11.803950 
2  3695.9  152.8  11.803930 
2  3543.1    0.0  11.800873 


4   0.45  BL  28  564  74.0   4  3791.1  244.4  11.783778 
4   0.45  BL  28  564  76.0   4  3746.3 


4  0.45  BL  28  564  74.0 

4  0.45  BL  28  564  73.5 

4  0.45  BL  28  564  79.0 

4  0.45  BL  28  564  74.0 


199.6  11.783500 


4  3724.1  177.4 

4  3703.6  156.9 

4  3702.5  155.8 

4  3546.7    0.0 


11.783154 
11.782381 
11.782445 
11.779251 


3 
1 
3, 
3. 
-2. 
3  . 

3  . 
1. 
3. 
3. 
■2. 
3. 


,0 

0 
0 
5 
0 
0 

0 
0 
0 
5 

0 
0 


11, 
11, 

11. 
11. 
11. 
11. 

11. 
11. 
11. 
11. 
11. 
11. 


,805217 
805046 
804657 
803969 
803919 
800890 

783795 
783506 
783171 
782400 
782434 
779268 


0 

0, 

0. 

0. 

0. 

0. 


45 
45 
45 
45 
45 
45 


BL 
BL 
BL 
BL 
BL 
BL 


28 
28 
28 
28 
28 
28 


564 
564 
564 
564 
564 
564 


74 

76 

74, 

73, 

79. 

74. 


8 
8 
8 
8 
8 
8 


3747 

3710 

3689, 

3675, 

3666. 

3505. 


241, 
204, 
184, 
169. 
160. 
0. 


11 

11 

11, 

11, 

11. 

11. 


727326 
727309 
727026 
726354 
726375 
723019 


4   0.45  BL  90  564  76.0   5  3766.5  248.1  11.772154 


4  0.45  BL  90  564  73.0 

4  0.45  BL  90  564  75.0 

4  0.45  BL  90  564  74.5 

4  0.45  BL  90  564  78.0 


5  3710.1  191.7  11.771308 
5  3676.8  158.4  11.771615 
5  3631.1  112.7  11.770710 
5  3518.4    0.0  11.767949 


4   0.45  BL  90  564  76.0   6  3790.5  249.8  11.689433 


4  0.45  BL  90  564  73.0 

4  0.45  BL  90  564  75.0 

4  0.45  BL  90  564  74.5 

4  0.45  BL  90  564  78.0 

4  0.45  BL  90  564  76.0 

4  0.45  BL  90  564  73.0 

4  0.45  BL  90  564  75.0 

4  0.45  BL  90  564  74.5 

4  0.45  BL  90  564  78.0 

5  0.38  BL  28  658  74.5 
5  0.38  BL  28  658  74.0 
5  0.38  BL  28  658  72.5 


6  3743.8  203.1  11.688558 
6  3714.3  173.6  11.688929 
6  3662.8  122.1  11.687908 
6  3540.7    0.0  11.685463 


7 

7 
7 
7 
7 


3782 
3725 
3697, 
3652, 

3535. 


247 
190 
162 
117, 
0, 


3  3832.0  218 
3  3777.3  164 
3  3738.8  125, 


3 
3 
1 
2 
0 

8 
1 
6 


11.722700 
11.721940 
11.722158 
11.721110 
11.718603 

11.841665 
11.840528 

11.841143 


3.0  11.727343 

1.0  11.727315 

3.0  11.727043 

3.5  11.726373 

-2.0  11.726364 

3.0  11.723036 

1.0  11.772160 
4.0  11.771330 
2.0  11.771626 
2.5  11.770724 
-1.0  11.767943 

1.0  11.689439 
4.0  11.688580 
2.0  11.688940 
2.5  11.687922 
-1.0  11.685457 

1.0  11.722706 

4.0  11.721962 

2.0  11.722169 

2.5  11.721124 

-1.0  11.718597 

2.5  11.841679 
3.0  11.840545 
4.5  11.841168 
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5   0.38  BL  28  658  73.5 
5   0.38  BL  28  658  81.0 

5  0.38  BL  28  658  74.5 

5  0.38  BL  28  658  74.0 

5  0.38  BL  28  658  72.5 

5  0.38  BL  28  658  73.5 

5  0.38  BL  28  658  81.0 

5  0.38  BL  28  658  74.5 

5  0.38  BL  28  658  74.0 

5  0.38  BL  28  658  72.5 

5  0.38  BL  28  658  73.5 

5  0. 38  BL  28  658  81. 0 

5  0.38  BL  90  658  77.0 

5  0.38  BL  90  658  74.0 

5  0. 38  BL  90  658  73 . 0 

5  0.38  BL  90  658  80.0 

5  0.38  BL  90  658  77. 0 

5  0.38  BL  90  658  74.0 

5  0.38  BL  90  658  73.0 

5  0.38  BL  90  658  80.0 

5  0.38  BL  90  658  77.0 

5  0.38  BL  90  658  74 .0 

5  0.38  BL  90  658  73  .  0 

5  0.38  BL  90  658  80.0 

6  0.38  BL  28  658  74 .0 
6  0.38  BL  28  658  76.0 
6  0.38  BL  28  658  75.0 
6  0.38  BL  28  658  76.0 
6  0.38  BL  28  658  77.0 
6  0.38  BL  28  658  77.  0 
6  0.38  BL  28  658  76.0 

6  0.38  BL  28  658  74. 0 

6  0.38  BL  28  658  76.0 

6  0.38  BL  28  658  75.0 

6  0.38  BL  28  658  76.0 

6  0.38  BL  28  658  77.0 

6  0.38  BL  28  658  77.0 

6  0.38  BL  28  658  76.0 

6  0.38  BL  28  658  74.0 

6  0.38  BL  28  658  76.0 

6  0.38  BL  28  658  75.0 

6  0.38  BL  28  658  76.0 

6  0.38  BL  28  658  77.0 

6  0.38  BL  28  658  77.0 

6  0.38  BL  28  658  76.0 


3  3715.5  102.3  11.840800   3.5  11.840819 
3  3613.2    0.0  11.838435  -4.0  11.838413 


5  3813.8  216.4 
5  3765.7  168.3 
5  3727.8  130.4 
5  3701.7  104.3 
5  3597.4    0.0 


11.835581 
11.834440 
11.835149 
11.834654 


2.5  11.835595 
3.0  11.834457 
4.5  11.835174 
3.5  11.834673 


11.832123  -4.0  11.832101 


7  3835.2 
7  3783.6 
7  3744.6 
7  3719.6 
7  3618.0 


217.2  11.838748 

165.6  11.837138 

126.6  11.837810 

101.6  11.837223 


2.5  11.838762 
3.0  11.837155 
4.5  11.837835 
3.5  11.837242 


0.0  11.834618  -4.0  11.834596 


1  3876.2  228.5  11.824335  0.0  11.824335 

1  3848.1  200.4  11.823825  3.0  11.823842 

1  3824.1  176.4  11.823010  4.0  11.823032 

1  3647.7  0.0  11.821115  -3.0  11.821098 


4  3819.8  223.2  11.811698 
4  3788.9  192.3  11.811028 
4  3763.9  167.3  11.810106 
4  3596.6    0.0  11.808876 

8  3792.6  220.1  11.835463 

8  3767.4  194.9  11.835058 

8  3748.4  175.9  11.834274 

8  3572.5    0.0  11.822780 


0.0  11.811698 

3.0  11.811045 

4.0  11.810128 

-3.0  11.808859 

0.0  11.835463 

3.0  11.835075 

4.0  11.834296 

■3.0  11.832763 


1 

1 
1 
1 
1 
1 
1 

3 
3 
3 
3 
3 
3 
3 


3850 

3783, 

3780, 

3774. 

3757, 

3736. 

3653. 

3865. 
3808. 
3804. 
3797. 
3778. 
3756. 
3665.4 


5 
1 

6 

7 
7 
5 
4 

7 
5 
7 
9 
5 
6 


197.1  11.826215 
129.7  11.825874 

127.2  11.825649 

121.3  11.825346 
104.3  11.824864 

83.1  11.824435 
0.0  11.821891 

200.3  11.882474 

143.1  11.882448 

139.3  11.882355 

132.5  11.882135 

113.1  11.881698 

91.2  11.881428 
0.0  11.878823 


8  3894.0  197.6  11.875175 
8  3829.0  132.6  11.874230 
8  3826.5  130.1  11.873981 
8  3820.2  123.8  11.873678 
8  3804.0  107.6  11.873033 
8  3782.7  86.3  11.872805 
8  3696.4    0.0  11.869981 


3 

1, 

2, 

1. 

0. 

0. 

1. 

3. 
1. 
2. 
1. 
0. 
0. 

1. 

3. 
1. 
2. 

1. 
0, 

0, 

1. 


0  11.826232 
0  11.825880 
0  11.825660 
0  11.825352 
0  11.824864 
0  11.824435 
0  11.821897 


0 
0 
0 
0 
0 
0 
0 

0 
0 

0 
0 
0 

0 
0 


11.882491 
11.882454 
11.882366 
11.882141 
11.881698 
11.881428 
11.878829 

11. 875192 
11.874236 
11.873992 
11.873684 
11.873033 
11.872805 
11.869987 
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6  0.38  BL  90  658  74.0 

6  0.38  BL  90  658  73.0 

6  0.38  BL  90  658  74.5 

6  0.38  BL  90  658  71.5 

6  0.38  BL  90  658  78.5 

6  0.38  BL  90  658  74.0 

6  0.38  BL  90  658  73 . 0 

6  0.38  BL  90  658  74.5 

6  0.38  BL  90  658  71.5 

6  0.38  BL  90  658  78.5 

6  0.38  BL  90  658  74 . 0 

6  0.38  BL  90  658  73.0 

6  0. 38  BL  90  658  74.5 

6  0.38  BL  90  658  71.5 

6  0. 38  BL  90  658  78.5 

7  0.45  BL  28  564  76.0 
7  0.45  BL  28  564  75.0 
7  0.45  BL  28  564  72.0 
7  0.45  BL  28  564  72.0 
7  0.45  BL  28  564  76.0 

7  0.45  BL  28  564  76.0 

7  0.45  BL  28  564  75.0 

7  0.45  BL  28  564  72.0 

7  0.45  BL  28  564  72.0 

7  0.45  BL  28  564  76. 0 

7  0.45  BL  28  564  76. 0 

7  0.45  BL  28  564  75.0 

7  0.45  BL  28  564  72.0 

7  0.45  BL  28  564  72.0 

7  0.45  BL  28  564  76.0 

7  0.45  BL  90  564  75.0 

7  0.45  BL  90  564  67.0 

7  0.45  BL  90  564  71.0 

7  0.45  BL  90  564  72.0 

7  0.45  BL  90  564  89.0 

7  0.45  BL  90  564  75.0 

7  0. 45  BL  90  564  67. 0 

7  0.45  BL  90  564  71.0 

7  0.45  BL  90  564  72.0 

7  0.45  BL  90  564  89.0 

7  0.45  BL  90  564  75.0 

7  0.45  BL  90  564  67.0 

7  0.45  BL  90  564  71.0 

7  0.45  BL  90  564  72.0 

7  0.45  BL  90  564  89.0 


4 

4 
4 
4 
4 


3868.5  210.1  11.833948 
3841.4  183.0  11.833591 
3832.8  174.4  11.833425 
3799.4  141.0  11.832605 


3.0  11.833965 
4.0  11.833613 
2.5  11.833439 
5.5  11.832636 


3658.4    0.0  11.830465  -1.5  11.830457 


5  3840.8  209.9  11.874553 
5  3813.2  182.3  11.873834 
172.6  11.873405 


3.0  11.874570 
4.0  11.873856 
2.5  11.873419 
5  3771.6  140.7  11.872615  5.5  11.872646 
5  3630.9    0.0  11.870353  -1.5  11.870345 


5  3803.5 


7 

3863.1 

208.8 

11.818466 

3.0 

11.818483 

7 

3833.2 

178.9 

11.817976 

4.0 

11.817998 

7 

3822.7 

168.4 

11.817484 

2.5 

11.817498 

7 

3789.3 

135.0 

11.816803 

5.5 

11.816834 

7 

3654.3 

0.0 

11.815085 

-1.5 

11.815077 

1 

3814.3 

222.7 

11.864688 

1.0 

11.864694 

1 

3709.5 

117.9 

11.861729 

2.0 

11.861740 

1 

3693.5 

101.9 

11.861046 

5.0 

11.861074 

1 

3653.0 

61.4 

11.861020 

5.0 

11.861048 

1 

3591.6 

0.0 

11.859744 

1.0 

11.859750 

4 

3849.6 

221.6 

11.834983 

1.0 

11.834989 

4 

3748.  0 

120.0 

11.832841 

2.0 

11.832852 

4 

3730.5 

102.5 

11.832130 

5.0 

11.832158 

4 

3687.8 

59.8 

11.831765 

5.0 

11.831793 

4 

3628.0 

0.0 

11.830298 

1.0 

11.830304 

5 

3877.2 

227.2 

11.817421 

1.0 

11.817427 

5 

3773.0 

123.0 

11.816285 

2.0 

11.816296 

5 

3756.1 

106.1 

11.815648 

5.0 

11.815676 

5 

3715.2 

65.2 

11.815558 

5.0 

11.815586 

5 

3650.0 

0.0 

11.814050 

1.0 

11.814056 

3 

3818.9 

236.6 

11.788650 

2.0 

11.788661 

3 

3769.7 

187.4 

11.787263 

10.  0 

11.787319 

3 

3741.2 

158.9 

11.786364 

6.0 

11.786397 

3 

3721.6 

139.3 

11.785965 

5.0 

11.785993 

3 

3582.3 

0.0 

11.785268 

-12 

11.785201 

6 

3865.0 

241.4 

11.841030 

2.0 

11.841041 

6 

3811.9 

188.3 

11.840323 

10.0 

11.840379 

6 

3780.7 

157.1 

11.839805 

6.0 

11.839838 

6 

3762.1 

138.5 

11.839429 

5.0 

11.839457 

6 

3623.6 

0.0 

11.838798 

-12 

11.838731 

8 

3841.3 

231.  1 

11.838039 

2.0 

11.838050 

8 

3802.6 

192.4 

11.837365 

10.0 

11.837421 

8 

3773.4 

163.2 

11.836498 

6.0 

11.836531 

8 

3752.9 

142.7 

11.836060 

5.  0 

11.836088 

8 

3610.2 

0.0 

11.835634 

-12 

11.835567 

;23 


8  0.53  BL  28  508  76.0 

8  0.53  BL  28  508  75.0 

8  0.53  BL  28  508  72.0 

8  0.53  BL  28  508  72.0 

8  0.53  BL  28  508  76.0 

8  0.53  BL  28  508  76. 0 

8  0.53  BL  28  508  75.0 

8  0.53  BL  28  508  72.0 

8  0.53  BL  28  508  72.0 

8  0.53  BL  28  508  76.0 

8  0.53  BL  28  508  76.0 

8  0.53  BL  28  508  75.0 

8  0.53  BL  28  508  72.0 

8  0.53  BL  28  508  72.0 

8  0.53  BL  28  508  76.0 

8  0.53  BL  90  508  70.0 

8  0.53  BL  90  508  71.0 

8  0.53  BL  90  508  72.0 

8  0.53  BL  90  508  72.5 

8  0.53  BL  90  508  82.0 

8  0.53  BL  90  508  70. 0 

8  0.53  BL  90  508  71.0 

8  0.53  BL  90  508  72.0 

8  0.53  BL  90  508  72.5 

8  0.53  BL  90  508  82.0 

8  0.53  BL  90  508  70.0 

8  0.53  BL  90  508  71.0 

8  0.53  BL  90  508  72.0 

8  0.53  BL  90  508  72.5 

8  0.53  BL  90  508  82.0 

9  0.45  BL  28  658  73.0 
9  0.45  BL  28  658  74.0 
9  0.45  BL  28  658  70.5 
9  0.45  BL  28  658  71.5 
9  0.45  BL  28  658  79.0 

9  0.45  BL  28  658  73.0 

9  0.45  BL  28  658  74.0 

9  0.45  BL  28  658  70.5 

9  0.45  BL  28  658  71.5 

9  0.45  BL  28  658  79.0 

9  0.45  BL  28  658  73.0 

9  0.45  BL  28  658  74.0 

9  0.45  BL  28  658  70.5 

9  0.45  BL  28  658  71.5 

9  0.45  BL  28  658  79.0 


1 

3642 

.  4 

250.8 

11.806005 

1 

3518 

.0 

126.4 

11.803656 

1 

3494 

.7 

103.1 

11.802679 

1 

3440 

.  4 

48.8 

11.801963 

1 

3391 

.  6 

0.0 

11.800814 

4 

3689 

.2 

253.6 

11.887953 

4 

3564 

.9 

129.3 

11.886561 

4 

3540 

.  9 

105.3 

11.885460 

4 

3486 

.2 

50.6 

11.885000 

4 

3435 

.6 

0.0 

11.883750 

5 

3676 

.9 

257.7 

11.837278 

5 

3546, 

.  1 

126.9 

11.836061 

5 

3522, 

,  4 

103.2 

11.835093 

5 

11.834369 

5 

3419. 

,2 

0.0 

11.833160 

2 

3710. 

4 

264.4 

11.857959 

2 

3664. 

2 

218.2 

11.857519 

2 

3642. 

5 

196.5 

11.856781 

2 

3611. 

5 

165.5 

11.856459 

2 

3446. 

0 

0.0 

11.854529 

3 

3655. 

7 

261.9 

11.846756 

3 

3616. 

6 

222.8 

11.846666 

3 

3595. 

5 

201.7 

11.845905 

3 

3566. 

4 

172.6 

11.845621 

3 

3393. 

8 

0.0 

11.773046 

6  3702.5  264.1  11.776119 
6  3652.0  213.6  11.775864 
6  3628.6  190.2  11.775125 
6  3600.7  162.3  11.774880 
6  3438.4    0.0  11.773046 

1  3769.6  307.1  11.867524 


1  3638.6 
1  3630.5 
1  3613.6 
1  3462.5 


176 
168 
151, 
0, 


11.866896 
11.866040 
11.865783 
11.863079 


2  3754.4  302.5  11.822100 


2  3627.2 
2  3618.7 
2  3602.5 
2  3451.9 

6  3723.5 
6  3591.8 
6  3583.6 
6  3565.3 


175.3 

166.8 

150.6 

0.0 


308 
176 

168 
149, 


11.821333 
11.820574 
11.820379 

11.817699 

11.813285 
11.812489 
11.811670 

11.811471 


6  3415.4    0.0  11.808958  - 


1.0  11.806011 

2.0  11.803667 

5.0  11.802707 

5.0  11.801991 

1.0  11.800820 

1.0  11.887959 
2.0  11.886572 
5.0  11.885488 
5.0  11.885028 
1.0  11.883756 

1.0  11.837284 

2.0  11.836072 

5.0  11.835121 

5.0  11.834397 

1.0  11.833166 

7.0  11.857998 
6.0  11.857552 
5.0  11.856809 
4.5  11.856484 
-5.0  11.854501 

7.0  11.846795 
6.0  11.846699 
5.0  11.845933 
4.5  11.845646 
-5.0  11.773018 

7.0  11.776158 

6.0  11.775897 

5.0  11.775153 

4.5  11.774905 

-5.0  11.773018 

4.0  11.867546 
3.0  11.866913 
6.5  11.866076 
5.5  11.865814 
-2.0  11.863068 

4.0  11.822122 
3.0  11.821350 
6.5  11.820610 
5.5  11.820410 
■2.0  11.817688 

4.0  11.813307 

3.0  11.812506 

6.5  11.811706 

5.5  11.811502 

2.0  11.808947 
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9  0.45  BL  90  658  73.0 

9  0.45  BL  90  658  72.0 

9  0.45  BL  90  658  74.0 

9  0.45  BL  90  658  78.0 

9  0.45  BL  90  658  75.0 


3  3784.8  298.2  11.792576  4.0  11.792598 

3  3750.1  263.5  11.792511  5.0  11.792539 

3  3709.0  222.4  11.791804  3.0  11.791821 

3  3487.2    0.6  11.788934  -1.0  11.788928 

3  3486.6    0.0  11.788568  2.0  11.788579 


9  0.45  BL  90  658  73.0 

9  0.45  BL  90  658  72.0 

9  0.45  BL  90  658  74.0 

9  0.45  BL  90  658  78.0 

9  0.45  BL  90  658  75.0 


7  3728.5  291.5  11.759663  4.0  11.759685 

7  3702.3  265.3  11.759598  5.0  11.759626 

7  3663.5  226.5  11.758991  3.0  11.759008 

7  3437.2    0.2  11.756099  -1.0  11.756093 

7  3437.0    0.0  11.755728  2.0  11.755739 


9  0.45  BL  90  658  73.0 

9  0.45  BL  90  658  72.0 

9  0.45  BL  90  658  74.0 

9  0.45  BL  90  658  78.0 

9  0.45  BL  90  658  75.0 

10  0.33  BL  28  752  74.0 

10  0.33  BL  28  752  67.0 

10  0.33  BL  28  752  72.  0 

10  0.33  BL  28  752  76.0 

10  0.33  BL  28  752  80.0 


8  3752.3  299.3  11.791845   4.0  11.791867 

8  3714.8  261.8  11.791806   5.0  11.791834 

8  3679.2  226.2  11.791111   3.0  11.791128 

8  3453.4    0.4  11.788634  -1.0  11.788628 

8  3453.0    0.0  11.788065   2.0  11.788076 

2  3797.1  251.7  11.771350   3.0  11.771367 

2  3754.4  209.0  11.770678  10.0  11.770734 

2  3600.7   55.3  11.768780   5.0  11.768808 

2  3572.7   27.3  11.768058   1.0  11.768064 

2  3545.4    0.0  11.766980  -3.0  11.766963 


10   0.33  BL  28  752  74.0   5  3836.7  252.9  11.798994  3.0  11.799011 

5  3790.8  207.0  11.798210  10.0  11.798266 

5  3633.4  49.6  11.796100  5.0  11.796128 

5  3608.8  25.0  11.795620  1.0  11.795626 

5  3583.8  0.0  11.794559  -3.0  11.794542 


10  0.33  BL  28  752  67.0 

10  0.33  BL  28  752  72.0 

10  0.33  BL  28  752  76.0 

10  0.33  BL  28  752  80.0 


10  0.33  BL  28  752  74.0 

10  0.33  BL  28  752  67.0 

10  0.33  BL  28  752  72.0 

10  0.33  BL  28  752  76.0 

10  0.33  BL  28  752  80.0 


7  3811.2  255.7  11.746950  3.0  11.746967 

7  3763.9  208.4  11.745770  10.0  11.745826 

7  3601.8   46.3  11.743700  5.0  11.743728 

7  3579.1   23.6  11.743198  1.0  11.743204 

7  3555.5    0.0  11.742430  -3.0  11.742413 


10  0.33  BL  90  752  74.0 

10  0.33  BL  90  752  69.5 

10  0.33  BL  90  752  72.0 

10  0.33  BL  90  752  70.0 

10  0.33  BL  90  752  86.0 

10  0.33  BL  90  752  74.0 

10  0.33  BL  90  752  69.5 

10  0. 33  BL  90  752  72.0 

10  0.33  BL  90  752  70.0 

10  0.33  BL  90  752  86.0 

10  0.33  BL  90  752  74.0 

10  0.33  BL  90  752  69.5 

10  0.33  BL  90  752  72.0 

10  0.33  BL  90  752  70.0 

10  0.33  BL  90  752  86.0 


1  3816.1  249.6  11.789759 
1  3792.5  226.0  11.789305 
1  3768.2  201.7  11.788834 
1  3713.9  147.4  11.788061 
1  3566.5    0.0  11.785028 

3  3819.5  260.3  11.774034 

3  3791.7  232.5  11.773821 

3  3767.9  208.7  11.773475 

3  3714.3  155.1  11.772793 

3  3559.2  0.0  11.769554 

6  3850.7  259.3  11.781155 

6  3825.0  233.6  11.780923 

6  3802.0  210.6  11.780663 

6  3743.8  152.4  11.779895 

6  3591.4  0.0  11.776683 


3.0  11.789776 
7.5  11.789347 
5.0  11.788862 
7.0  11.788100 
-9.0  11.784978 

3.0  11.774051 
7.5  11.773863 
5.0  11.773503 
7.0  11.772832 
-9.0  11.769504 

3.0  11.781172 
7.5  11.780965 
5.0  11.780691 
7.0  11.779934 
■9.0  11.776633 
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11  0.53  BL  28  564  76.0 

11  0.53  BL  28  564  67.0 

11  0.53  BL  28  564  71.0 

11  0.53  BL  28  564  84.0 

11  0.53  BL  28  564  76. 0 

11  0.53  BL  28  564  67.0 

11  0.53  BL  28  564  71.0 

11  0.53  BL  28  564  84.0 


4  3650.3  296.7  11.781526   1.0  11.781532 

4  3445.7  92.1  11.779655  10.0  11.779711 

4  3421.8  68.2  11.778711   6.C  11.778744 

4  3353.6  0.0  11.776558  -7.0  11.776519 

6  3665.5  298.9  11.722196   1.0  11.722202 

6  3461.8  95.2  11.720778  10.0  11.720834 

6  3437.4  70.8  11.719856   6.0  11.719889 

6  3366.6  0.0  11.718626  -7.0  11.718587 


11  0.53  BL  28  564  76.0 

11  0.53  BL  28  564  67.0 

11  0.53  BL  28  564  71.0 

11  0.53  BL  28  564  84.0 

11  0.53  BL  90  564  74 . 0 

11  0.53  BL  90  564  69.5 

11  0.53  BL  90  564  72.0 

11  0.53  BL  90  564  70.0 

11  0.53  BL  90  564  86.0 

11  0.53  BL  90  564  74.0 

11  0.53  BL  90  564  69.5 

11  0.53  BL  90  564  72.0 

11  0.53  BL  90  564  70.0 

11  0.53  BL  90  564  86. 0 

11  0.53  BL  90  564  74.0 

11  0. 53  BL  90  564  69.5 

11  0.53  BL  90  564  72.0 

11  0.53  BL  90  564  70.0 

11  0. 53  BL  90  564  86. 0 

12  0.33  BL  28  752  76.0 
12  0.33  BL  28  752  71.0 
12  0.33  BL  28  752  67.0 
12  0.33  BL  28  752  84.0 

12  0.33  BL  28  752  76.0 

12  0.33  BL  28  752  71.0 

12  0.33  BL  28  752  67.0 

12  0.33  BL  28  752  84.0 

12  0.33  BL  28  752  76.0 

12  0.33  BL  28  752  71.0 

12  0.33  BL  28  752  67.0 

12  0.33  BL  28  752  84.0 

12  0.33  BL  90  752  76.0 

12  0.33  BL  90  752  75.0 

12  0.33  BL  90  752  76.5 

12  0.33  BL  90  752  76.0 

12  0.33  BL  90  752  83.0 


7  3677.3  299.1  11.736958  1.0  11.736964 

7  3470.7   92.5  11.735618  10.0  11.735674 

7  3447.9   69.7  11.734750  6.0  11.734783 

7  3378.2    0.0  11.733543  -7.0  11.733504 


1  3717.8  308.6  11.733791 

1  3658.6  249.4  11.733144 

1  3606.8  197.6  11.732605 

1  3505.2   96.0  11.731103 

1  3409.2    0.0  11.729701 

3  3716.8  308.3  11.729230 

3  3662.3  253.8  11.728759 

3  3609.9  201.4  11.728405 

3  3511.1  102.6  11.726864 

3  3408.5    0.0  11.725040 


3.0  11.733808 

7.5  11.732186 

5.0  11.732633 

7.0  11.731142 

-9.0  11.729651 

3.0  11.729247 
7.5  11.728801 
5.0  11.728433 
7.0  11.726903 
■9.0  11.724990 


8  3719.5  313.5  11.759335   3.0  11.759352 

8  3637.4  231.4  11.758381   7.5  11.758423 

8  3583.4  177.4  11.757870   5.0  11.757898 

8  3498.2  92.2  11.756548   7.0  11.756587 

8  3406.0  0.0  11.754996  -9.0  11.754946 

4  3813.0  275.1  11.767341   1.0  11.767347 

4  3656.7  118.8  11.765681   6.0  11.765714 

4  3636.9  99.0  11.764608  10.0  11.764664 

4  3537.9  0.0  11.761938  -7.0  11.761899 

7  3738.0  269.5  11.759000   1.0  11.759006 

7  3581.8  113.3  11.757363   6.0  11.757396 

7  3563.3  94.8  11.756438  10.0  11.756494 

7  3468.5  0.0  11.754293  -7.0  11.754254 

8  3791.7  268.0  11.726228  1.0  11.726234 
8  3638.2  114.5  11.724681  6.0  11.724714 
8  3620.3  96.6  11.723649  10.0  11.723705 
8  3523.7  0.0  11.721429  -7.0  11.721390 


1  3772.8  244 
1  3717.5  189 


1  3683 
1  3625 
1  3528 


0  154 
2   97 

1  0 


11.769775 
11.768905 
11.768546 
11.767651 


1.0  11.769781 
2.0  11.768916 
0.5  11.768549 
1.0  11.767657 


0  11.765868  -6.0  11.765835 
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12  0.33  BL  90  752  76.0 

12  0.33  BL  90  752  75.0 

12  0.33  BL  90  752  76.5 

12  0.33  BL  90  752  76.0 

12  0.33  BL  90  752  83.0 

12  0.33  BL  90  752  76.0 

12  0.33  BL  90  752  75.0 

12  0.33  BL  90  752  76.5 

12  0.33  BL  90  752  76.0 

12  0.33  BL  90  752  83.0 


5  3815.3  254.1  11.745964 
5  3754.2  193.0  11.745153 
5  3717.8  156.6  11.744713 
5  3659.4   98.2  11.743920 


1.0  11.745970 
2.0  11.745164 
0.5  11.744716 
1.0  11.743926 


5  3561.2    0.0  11.741974  -6.0  11.741941 


6  3793.8  239.6  11.748318 
6  3745.6  191.4  11.747934 
159.4  11.747570 
97.4  11.746665 


6  3713.6 
6  3651.6 
6  3554.2 


1.0  11.748324 
2.0  11.747945 
0.5  11.747573 
1.0  11.746671 


0.0  11.744814  -6.0  11.744781 


0.53  RG  28  508  83.0   1  3767.4  259.0  11.695463  -6.0  11.695422 

0.53  RG  28  508  67.0   1  3580.2  71.8  11.692345  10.0  11.692413 

508  66.5   1  3563.5  55.1  11.691545  10.5  11.691617 

1  3508.4  0.0  11.690765   2.5  11.690782 


13 
13 


13   0.53  RG  28  508  74.5 


13  0.53  RG  28  508  83.0 

13  0.53  RG  28  508  67.0 

13  0.53  RG  28  508  66.5 

13  0.53  RG  28  508  74.5 

13  0.53  RG  28  508  83.0 

13  0.53  RG  28  508  67.0 

13  0.53  RG  28  508  66.5 

13  0.53  RG  28  508  74.5 

13  0.53  RG  90  508  76.0 

13  0.53  RG  90  508  75.0 

13  0.53  RG  90  508  76.5 

13  0.53  RG  90  508  76.0 

13  0.53  RG  90  508  83.0 

13  0.53  RG  90  508  76.0 

13  0.53  RG  90  508  75.0 

13  0.53  RG  90  508  76.5 

13  0.53  RG  90  508  76.0 

13  0.53  RG  90  508  83.0 

13  0.53  RG  90  508  76.0 

13  0.53  RG  90  508  75.0 

13  0.53  RG  90  508  76.5 

13  0.53  RG  90  508  76.0 

13  0.53  RG  90  508  83.0 

14  0.33  RG  28  752  72.0 
14  0.33  RG  28  752  72.0 
14  0.33  RG  28  752  73.0 
14  0.33  RG  28  752  74.5 
14  0.33  RG  28  752  74.0 

14  0.33  RG  28  752  72.0 

14  0.33  RG  28  752  72.0 

14  0.33  RG  28  752  73.0 


3  3769.5  256.8  11.742469  -6.0  11.742428 

3  3579.1  66.4  11.739259  10.0  11.739328 

3  3563.9  51.2  11.738586  10.5  11.738658 

3  3512.7  0.0  11.737563  2.5  11.737580 

5  3774.5  256.2  11.740061  -6.0  11.740020 

5  3587.0  68.7  11.736773  10.0  11.736841 

5  3572.4  54.1  11.736026  10.5  11.736098 

5  3518.3  0.0  11.735139  2.5  11.735156 


2  3806.0  263.1  11.720879 

2  3708.1  165.2  11.719839 

2  3663.1  120.2  11.719579 

2  3610.8   67.9  11.717914 


1.0  11.720886 
2.0  11.719853 
0.5  11.719582 
1.0  11.717921 


2  3542.9    0.0  11.716850  -6.0  11.716809 


4  3798.9  262.3  11.685966 

4  3698.6  162.0  11.684926 

4  3654.2  117.6  11.684505 

4  3605.1   68.5  11.683061 
4  3536.6 


1.0  11.685973 
2.0  11.684940 
0.5  11.684508 
1.0  11.683068 
0.0  11.682169  -6.0  11.682128 


6  3782.6  257.9  11.712629 
6  3687.5  162.8  11.711590 
6  3642.0  117.3  11.711519 
6  3589.4  64.7  11.709988 
6  3524.7    0.0  11.709366 


4  3887.6 
4  3805.4 
4  3780.7 
4  3750.1 
4  3675.2 


212.4  11.632023 
130.2  11.630903 

105.5  11.630260 
74.9  11.629644 

0.0  11.626625 


6  3990.6  210.7  11.731594 
6  3915.5  135.6  11.730220 
6  3889.7  109.8  11.729644 


1.0  11.712636 

2.0  11.711604 

0.5  11.711522 

1.0  11.709995 

-6.0  11.709325 

5.0  11.632057 

5.0  11.630937 

4.0  11.630287 

2.5  11.629661 

3.0  11.626646 

5.0  11.731628 
5.0  11.730254 
4.0  11.729671 
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14  0.33  RG  28  752  74.5 

14  0.33  RG  28  752  74.0 

14  0.33  RG  28  752  72.0 

14  0.33  RG  28  752  72.0 

14  0.33  RG  28  752  73.0 

14  0.33  RG  28  752  74.0 

14  0.33  RG  90  752  74.0 

14  0.33  RG  90  752  74.5 

14  0.33  RG  90  752  74.0 

14  0.33  RG  90  752  72.5 

14  0.33  RG  90  752  74.0 

14  0.33  RG  90  752  74.5 

14  0.33  RG  90  752  74.0 

14  0.33  RG  90  752  72.5 

14  0.33  RG  90  752  74.0 

14  0.33  RG  90  752  74.5 

14  0.33  RG  90  752  74.0 

14  0.33  RG  90  752  72.5 


6  3817.6 
6  3779.9 


37.7  11.728334 
0.0  11.725781 


15 
15 
15 
15 
15 

15 
15 
15 
15 
15 

15 
15 
15 
15 
15 

15 
15 
15 
15 

15 
15 
15 
15 
15 

15 

15 


8  3931.6  217.0  11.689308 

8  3848.3  133.7  11.687980 

8  3824.1  109.5  11.687240 

8  3714.6    0.0  11.683563 

3  3945.5  146.7  11.725269 

3  3865.6  66.8  11.723528 

3  3809.6  10.8  11.723458 

3  3798.8  0.0  11.722193 

5  3936.4  143.3  11.719474 

5  3855.6  62.5  11.717520 

5  3804.0  10.9  11.717569 

5  3793.1  0.0  11.716369 

7  3945.3  141.8  11.708160 

7  3868.8  65.3  11.706395 

7  3814.0  10.5  11.706325 

7  3803.5  0.0  11.705168 

1  3752.3  269.1  11.666280 

1  3595.5  112.3  11.665003 

1  3556.1  72.9  11.663920 

1  3490.2  7.0  11.662513 

1  3483.2  0.0  11.661419 

3  3725.9  262.8  11.701981 

3  3572.7  109.6  11.700266 

3  3534.1   71.0  11.699194 

3  3470.7    7.6  11.698020 


0.53  RG  28  508  72.0 
0.53  RG  28  508  72.0 
0.53  RG  28  508  73.0 
0.53  RG  28  508  74.5 
0.53  RG  28  508  74.0 

0.53  RG  28  508  72.0 

0.53  RG  28  508  72.0 

0.53  RG  28  508  73.0 

0.53  RG  28  508  74.5 

0.53  RG  28  508  74.0   3  3463.1    0.0  11.696785 


0.53  RG  28  508  72.0 

0.53  RG  28  508  72.0 

0.53  RG  28  508  73.0 

0.53  RG  28  508  74.5 

0.53  RG  28  508  74.0 

0.53  RG  90  508  74.0 

0.53  RG  90  508  74.5 

0.53  RG  90  508  74.0 

0.53  RG  90  508  72.5 

0.53  RG  90  508  74.0 

0.53  RG  90  508  74.5 

0.53  RG  90  508  74.0 

0.53  RG  90  508  72.5 

0.53  RG  90  508  74.0 

0.53  RG  90  508  74.5 
0.53  RG  90  508  74.0 


4 
4 
4 
4 
4 


3749 
3600 
3563 
3497 


3488.5 


2  3725.7 

2  3561.6 

2  3499.1 

2  3488.3 


261.1 

112.0 

75.2 

9.2 

0.0 

237.4 

73.3 

10.8 

0.0 


11. 
11, 

11, 
11, 
11, 


737328 
735930 
734960 
733685 
732560 


11.712359 
11.710255 
11.709840 
11.709010 


7  3730.1  245.2  11.718599 


7  3571.3 
7  3511.6 
7  3499.1 

7  3484.9 

8  3628.2 
8  3564.2 


86.4 

26.7 

14.2 

0.0 


11.716328 
11.715986 
11.715049 
11.708383 


2.5  11.728351 
3.0  11.725802 

5.0  11.689342 
5.0  11.688014 
4.0  11.687267 
3.0  11.683584 

3.0  11.725290 
2.5  11.723545 
3.0  11.723479 
4.5  11.722224 

3.0  11.719495 

2.5  11.717537 

3.0  11.717590 

4.5  11.716400 

3.0  11.708181 

2.5  11.706412 

3.0  11.706346 

4.5  11.705199 

5.0  11.666314 
5.0  11.665037 
4.0  11.663947 
2.5  11.662530 
3.0  11.661440 

5.0  11.702015 
5.0  11.700300 
4.0  11.699221 
2.5  11.698037 
3.0  11.696806 


5 
5 

4 
2 

"3 


11, 

11, 
11, 
11, 
11, 


737362 
735964 
734987 
733702 
732581 


3.0  11.712380 
2.5  11.710272 
3.0  11.709861 
4.5  11.709041 


3 
2 
3 

4 

3 


0 
5 
0 
5 
0 


11, 
11, 
11, 
11, 

11. 


718620 
716345 
716007 
715080 
708404 


77.6  11.746565 
13.6  11.746255 


2.5 
3  .  0 


11.746582 
11.746276 
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15   0.53  RG  90  508  72.5   8  3550.6    0.0  11.745448   4.5  11.745479 


16  0.45  RG  28  564  78.0 

16  0.45  RG  28  564  72.5 

16  0.45  RG  28  564  72.0 

16  0.45  RG  28  564  73.5 

16  0.45  RG  28  564  82.0 

16  0.45  RG  28  564  78.0 

16  0.45  RG  28  564  72.5 

16  0.45  RG  28  564  72.0 

16  0.45  RG  28  564  73.5 

16  0.45  RG  28  564  82.0 

16  0.45  RG  28  564  78.0 

16  0.45  RG  28  564  72.5 

16  0.45  RG  28  564  72.0 

16  0.45  RG  28  564  73.5 

16  0.45  RG  28  564  82.0 

16  0.45  RG  90  564  75.0 

16  0.45  RG  90  564  71.0 

16  0.45  RG  90  564  67.0 

16  0.45  RG  90  564  73.0 

16  0.45  RG  90  564  82.0 

16  0.45  RG  90  564  75.0 

16  0.45  RG  90  564  71.0 

16  0.45  RG  90  564  67.0 

16  0.45  RG  90  564  73.0 

16  0.45  RG  90  564  82.0 

16  0.45  RG  90  564  75.0 

16  0.45  RG  90  564  71.0 

16  0.45  RG  90  564  67.0 

16  0.45  RG  90  564  73.0 

16  0.45  RG  90  564  82.0 

17  0.33  RG  28  752  78.0 
17  0.33  RG  28  752  72.5 
17  0.33  RG  28  752  72.0 
17  0.33  RG  28  752  73.5 
17  0.33  RG  28  752  82.0 

17  0.33  RG  28  752  78.0 

17  0.33  RG  28  752  72.5 

17  0.33  RG  28  752  72.0 

17  0.33  RG  28  752  73.5 

17  0.33  RG  28  752  82.0 

17  0.33  RG  28  752  78.0 

17  0.33  RG  28  752  72.5 

17  0.33  RG  28  752  72.0 

17  0.33  RG  28  752  73.5 


1  3810.4  227.5  11.712110  - 

1  3757.3  174.4  11.710628 

1  3712.7  129.8  11.710155 

1  3656.8  73.9  11.709435 

1  3582.9  0.0  11.707646 

2  3791.5  227.2  11.685233 
2  3744.6  180.3  11.683865 
2  3698.0  133.7  11.683361 
2  3639.0  74.7  11.682658 
2  3564.3    0.0  11.680759 


1.0  11.712103 

4.5  11.710659 

5.0  11.710189 

3.5  11.709459 

-5.0  11.707612 

-1.0  11.685226 
4.5  11.683896 
5.0  11.683395 
3.5  11.682682 

■5.0  11.680725 


5  3819.1  228.6  11.672970  - 
5  3768.1  177.6  11.671736 
5  3722.3  131.8  11.671323 
5  3661.5   71.0  11.670610 
5  3590.5    0.0  11.667144  - 


1.0  11.672963 
4.5  11.671767 
5.0  11.671357 
3.5  11.670634 
5.0  11.667110 


3  3785.2  201.4  11.710605   2.0  11.710619 

3  3741.6  157.8  11.709369   6.0  11.709410 

3  3677.7  93.9  11.708448  10.0  11.708517 

3  3604.0  20.2  11.707396   4.0  11.707423 

3  3583.8  0.0  11.707333  -5.0  11.707299 

4  3811.2  205.6  11.700979  2.0  11.700993 
4  3764.4  158.8  11.699769  6.0  11.699810 
4  3697.3  91.7  11.698841  10.0  11.698910 
4  3626.9  21.3  11.698834  4.0  11.698861 
4  3605.6  0.0  11.698105  -5.0  11.698071 

7  3833.9  203.1  11.651233   2.0  11.651247 

7  3777.7  146.9  11.649849   6.0  11.649890 

7  3719.5  88.7  11.649125  10.0  11.649193 

7  3651.9  21.1  11.648461   4.0  11.648488 

7  3630.8  0.0  11.648415  -5.0  11.648381 


3902.8  198.1  11.673490  -1.0  11.673483 

4.5  11.672324 
5.0  11.671888 
3.5  11.671418 
5.0  11.668742 


1  3879.9  175.2  11.672293 

1  3848.9  144.2  11.671854 

1  3790.0   85.3  11.671394 

1  3704.7    0.0  11.668776 


2  4015.4  193.9  11.700879  -1.0  11.700872 

2  3991.1  169.6  11.699943  4.5  11.699974 

2  3963.5  142.0  11.699601  5.0  11.699635 

2  3904.7   83.2  11.699139  3.5  11.699163 

2  3821.5    0.0  11.697013  -5.0  11.696979 


3  4013.6  192.9  11.724848 

3  3995.0  174.3  11.723448 

3  3966.5  145.8  11.723025 

3  3906.4   85.7  11.722529 


-1.0  11.724841 
4.5  11.723479 
5.0  11.723059 
3.5  11.722553 
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17   0.33  RG  28  752  82.0   3  3820.7    0.0  11.720259  -5.0  11.720225 


17  0.33  RG  90  752  75.0 

17  0.33  RG  90  752  71.0 

17  0.33  RG  90  752  67.0 

17  0.33  RG  90  752  73.0 

17  0.33  RG  90  752  82.0 


5  3972.6  156.3  11.661718  2.0  11.661732 

5  3939.4  123.1  11.660273  6.0  11.660314 

5  3896.5   80.2  11.659784  10.0  11.659853 

5  3840.2   23.9  11.658941  4.0  11.658968 

5  3816.3    0.0  11.658830  -5.0  11.658796 


17   0.33  RG  90  752  75.0   7  3959.4  155.0  11.722040   2.0  11.722054 


17  0.33  RG  90  752  71.0 

17  0.33  RG  90  752  67.0 

17  0.33  RG  90  752  73.0 

17  0.33  RG  90  752  82.0 


7  3927.7  123.3  11.720880  6.0  11.720921 

7  3881.4   77.0  11.720238  10.0  11.720307 

7  3828.1   23.7  11.719735  4.0  11.719762 

7  3804.4    0.0  11.719503  -5.0  11.719469 


17  0.33  RG  90  752  75.0 

17  0.33  RG  90  752  71.0 

17  0.33  RG  90  752  67.0 

17  0.33  RG  90  752  73.0 

17  0.33  RG  90  752  82.0 

18  0.45  RG  28  564  76.0 
18  0.45  RG  28  564  73.0 
18  0.45  RG  28  564  75.0 
18  0.45  RG  28  564  74.5 
18  0.45  RG  28  564  78.0 


18 
18 
18 
18 

18 

18 
18 
18 
18 
18 
18 
18 
18 

18 
18 
18 
18 

19 
19 


8  3993.7  155.8  11.682914 
8  3963.8  125.9  11.681320 
81.2 


8  3919.1 
8  3860.7 
8  3837.9 


2.0  11.682928 

6.0  11.681361 

11.680864  10.0  11.680932 


22.8  11.680033   4.0  11.680060 
0.0  11.680094  -5.0  11.680060 


1  3778.0  221.3  11.660731   1.0 

1  3720.2  163.5  11.659608   4.0 

1  3688.5  131.8  11.659221   2.0 

1  3651.1  94.4  11.658830   2.5 

1  3556.7  0.0  11.656268  -1.0 


18   0.45  RG  28  564  76.0   2  3817.9  226.4  11.692008 


18  0.45  RG  28  564  73.0 

18  0.45  RG  28  564  75.0 

18  0.45  RG  28  564  74.5 

18  0.45  RG  28  564  78.0 


2  3761.8  170.3  11.690969 

2  3730.5  139.0  11.690538 

2  3690.1   98.6  11.690280 

2  3591.5    0.0  11.687328 


0.45  RG  28  564  76.0   5  3812.2  228.4  11.674968 
0.45  RG  28  564  73.0 
0.45  RG  28  564  75.0 
0.45  RG  28  564  74.5 
0.45  RG  28  564  78.0 


5  3751.0  167.2  11.673835 
5  3722.3  138.5  11.673394 
5  3683.3  99.5  11.673073 
5  3583.8    0.0  11.670429 


0.45  RG  90  564  74.0 

0.45  RG  90  564  70.0 

0.45  RG  90  564  70.0 

0.45  RG  90  564  72.5 

0.45  RG  90  564  74.0 

0.45  RG  90  564  70.0 

0.45  RG  90  564  70.0 

0.45  RG  90  564  72.5 

0.45  RG  90  564  74.0 
0.45  RG  90  564  70.0 
0.45  RG  90  564  70.0 
0.45  RG  90  564  72.5 

0.53  DL  28  508  82 . 0 
0.53  DL  28  508  74.0 


3 
3 

3 
3 
4 

4 
4 
4 


3813.7  164.8  11.678944 

3778.6  129.7  11.678508 

3699.8  50.9  11.677951 

3648.9  0.0  11.676909 

3814.7  169.8  11.649665 
3776.3  131.4  11.649361 
3699.3  54.4  11.648856 
3644.9    0.0  11.647825 


6  3781.4  170.5  11.652153 
6  3743.4  132.5  11.651778 
6  3664.6  53.7  11.651194 
6  3610.9    0.0  11.650241 

2  3898.6  217.8  11.668398 
2  3829.2  148.4  11.667251 


11.660738 
11.659635 
11.659235 
11.658847 
11.656261 


1.0  11.692015 

4.0  11.690996 

2.0  11.690552 

2.5  11.690297 

-1.0  11.687321 

1.0  11.674975 

4.0  11.673862 

2.0  11.673408 

2.5  11.673090 

-1.0  11.670422 

3.0  11.678965 

7.0  11.678556 

7.0  11.677999 

4.5  11.676940 

3.0  11.649686 

7.0  11.649409 

7.0  11.648904 

4.5  11.647856 

3.0  11.652174 
7.0  11.651826 
7.0  11.651242 
4.5  11.650272 

-5.0  11.668368 
3.0  11.667269 
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19  0.53  DL  28  508  72.5  2  3776.7 
19  0.53  DL  28  508  72.0  2  3760.8 
19   0.53  DL  28  508  82.0   2  3680.8 


95.9  11.667043 

80.0  11.666943 

0.0  11.666198 


4.5  11.667070 

5.0  11.666973 

•5.0  11.666168 


19  0.53  DL  28  508  82.0 

19  0.53  DL  28  508  74 .0 

19  0.53  DL  28  508  72.5 

19  0.53  DL  28  508  72.0 

19  0.53  DL  28  508  82.0 


5  3936.2  219.0  11.673100 

5  3867.0  149.8  11.672183 

5  3814.4   97.2  11.671750 

5  3799.3   82.1  11.671529 

5  3717.2    0.0  11.670783 


-5.0  11.673070 

3.0  11.672201 

4.5  11.671777 

5.0  11.671559 

■5.0  11.670753 


19  0.53  DL  28  508  82.0 

19  0.53  DL  28  508  74.0 

19  0.53  DL  28  508  72.5 

19  0.53  DL  28  508  72.0 

19  0.53  DL  28  508  82.0 


6 

4002, 

,1 

211. 

,  3 

11. 

,645266 

-5.0 

11. 

.645236 

6 

3932, 

.8 

142, 

,  0 

11. 

.644524 

3.0 

11, 

.644542 

6 

3882, 

.5 

91, 

.7 

11. 

,643959 

4.5 

11. 

.643986 

6 

3867, 

.6 

76. 

,8 

11. 

,643844 

5.0 

11. 

643874 

6 

3790, 

.8 

0. 

,  0 

11. 

.643618 

-5.0 

11. 

643588 

19  0.53  DL  90  508  74.0 

19  0.53  DL  90  508  70.0 

19  0.53  DL  90  508  70.0 

19  0.53  DL  90  508  72.5 


1  4008.4  160.0  11.647626 

1  3967.8  119.4  11.647566 

1  3898.9  50.5  11.647238 

1  3848.4  0.0  11.647005 


3.0  11.647644 
7.0  11.647607 
7.0  11.647279 
4.5  11.647032 


19  0.53  DL  90  508  74.0 

19  0.53  DL  90  508  70.0 

19  0.53  DL  90  508  70.0 

19  0.53  DL  90  508  72.5 


3  3994.7  155.4  11.656546 

3  3961.1  121.8  11.656536 

3  3889.3  50.0  11.656500 

3  3839.3  0.0  11.656061 


3.0  11.656564 
7.0  11.656577 
7.0  11.656541 
4.5  11.656088 


19  0.53  DL  90  508  74.0 

19  0.53  DL  90  508  70.0 

19  0.53  DL  90  508  70.0 

19  0.53  DL  90  508  72.5 

20  0.33  DL  28  752  77.0 
20  0.33  DL  28  752  74.0 
20  0.33  DL  28  752  73.0 
20  0.33  DL  28  752  80.0 

20  0.33  DL  28  752  77.0 

20  0.33  DL  28  752  74.0 

20  0.33  DL  28  752  73.0 

20  0.33  DL  28  752  80.0 

20  0.33  DL  28  752  77.0 

20  0.33  DL  28  752  74.0 

20  0.33  DL  28  752  73 .0 

20  0.33  DL  28  752  80.0 


8 

3999, 

.3 

157, 

.9 

11. 

.704311 

3 

.0 

11, 

.704329 

8 

3957, 

,  4 

116, 

.  0 

11. 

.704211 

7 

.  0 

11, 

.704252 

8 

3891, 

,1 

49, 

.7 

11. 

,704190 

7 

.  0 

11, 

.704231 

8 

3841, 

,4 

0, 

.  0 

11. 

.703826 

4  , 

.  5 

11. 

.703853 

3 

3972, 

,3 

188, 

.  6 

11. 

,728236 

0, 

.0 

11, 

,728236 

3 

3950. 

.9 

167, 

.2 

11. 

,727403 

3 

.0 

11, 

.727421 

3 

3937, 

,  0 

153, 

.  3 

11. 

,726799 

4 

.0 

11, 

,726823 

3 

3783. 

,7 

0. 

,0 

11. 

.725694 

-3, 

,0 

11, 

.725676 

7 

3946. 

,0 

228. 

.1 

11. 

,717085 

0, 

,  0 

11. 

,717085 

7 

3924. 

,2 

206. 

,3 

11. 

,716251 

3. 

,0 

11. 

,716269 

7 

3909. 

,7 

191. 

,8 

11. 

715619 

4  , 

,0 

11. 

,715643 

7 

3717. 

,9 

0. 

0 

11. 

,713109 

-3, 

,  0 

11. 

.713091 

8 

3903. 

6 

185. 

,7 

11. 

,716115 

0. 

.0 

11. 

.716115 

8 

3883. 

,1 

165. 

.2 

11. 

,715158 

3, 

.0 

11. 

.715176 

8 

3868. 

4 

150. 

.5 

11. 

,714394 

4  , 

.  0 

11. 

,714418 

8 

3717. 

,9 

0. 

0 

11. 

,713109 

-3, 

.0 

11. 

,713091 

20  0.33  DL  90  752  74.0 

20  0.33  DL  90  752  75.0 

20  0.33  DL  90  752  74.5 

20  0.33  DL  90  752  77.5 

20  0.33  DL  90  752  80.0 


1  3974.5  161.6  11.715641 

1  3913.5  100.6  11.715205 

1  3869.4  56.5  11.715426 

1  3861.1  48.2  11.715475 

1  3812.9  0.0  11.714013 


3.0  11.715659 

2.0  11.715217 

2.5  11.715441 

■0.5  11.715472 

•3.0  11.713995 


20   0.33  DL  90  752  74.0 
20   0. 33  DL  90  752  75.0 


4  3955.1  164.3  11.712993 
4  3896.3  105.5  11.712485 


3.0  11.713011 
2.0  11.712497 
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20  0.33  DL  90  752  74.5 

20  0.33  DL  90  752  77.5 

20  0.33  DL  90  752  80.0 

20  0.33  DL  90  752  74.0 

20  0.33  DL  90  752  75.0 

20  0.33  DL  90  752  74.5 

20  0.33  DL  90  752  77.5 

20  0.33  DL  90  752  80.0 

21  0.53  DL  28  508  74. 0 
21  0.53  DL  28  508  73.0 
21  0.53  DL  28  508  74.5 
21  0.53  DL  28  508  71.5 
21  0.53  DL  28  508  78.5 

21  0.53  DL  28  508  74.0 

21  0.53  DL  28  508  73.0 

21  0.53  DL  28  508  74.5 

21  0.53  DL  28  508  71.5 

21  0.53  DL  28  508  78.5 


21 
21 
21 
21 
21 

21 
21 

21 
21 
21 

21 
21 
21 
21 
21 

21 
21 
21 
21 
21 

22 
22 
22 
22 
22 

22 

22 


0.53  DL  28  508  74.0 

0.53  DL  28  508  73.0 

0.53  DL  28  508  74.5 

0.53  DL  28  508  71.5 

0.53  DL  28  508  78.5 

0.53  DL  90  508  80.0 
0.53  DL  90  508  77.5 
0.53  DL  90  508  76.5 
0.53  DL  90  508  77.8 
0.53  DL  90  508  78.0 

0.53  DL  90  508  80.0 
0.53  DL  90  508  77.5 
0.53  DL  90  508  76.5 
0.53  DL  90  508  77.8 
0.53  DL  90  508  78.0 


4  3851.0 
4  3841.8 
4  3790.8 


60.2  11.712623   2.5  11.712638 

51.0  11.712895  -0.5  11.712892 

0.0  11.711139  -3.0  11.711121 


5  3987 
5  3930 
5  3887 
5  3877, 
5  3826. 


160.9  11.689728  3 

104.4  11.689271  2 

61.1  11.689520  2, 

51.5  11.689741  -0, 

0.0  11.688025  -3, 


0  11.689746 
0  11.689283 
5  11.689535 
5  11.689738 
0  11.688007 


4  3925.6  229.8  11.659873 
4  3881.2  185.4  11.659325 
4  3865.8  170.0  11.659313 
4  3824.4  128.6  11.658725 
4  3695.8    0.0  11.657120 


6  3870.4 
6  3832.0 
6  3816.7 
6  3773.3 
6  3642.3 


228.1 
189.7 
174.4 
131.0 
0.0 


11.733969 
11.733216 
11.733260 
11.732618 
11.730984 


4059.7  228.3  11.718933 

4022.8  191.4  11.718545 

4006.9  175.5  11.718470 
3964.3  132.9  11.717884 

7  3831.4  0.0  11.716469 


7 
7 
7 
7 


1  3865.9  221.6  11.715518 

1  3837.7  193.4  11.714965 

1  3807.1  162.8  11.714378 

1  3709.8  65.5  11.714073 

1  3644.3  0.0  11.712879 

3  3920.1  219.3  11.737404 
3  3892.8  192.0  11.736916 
3  3862.9  162.1  11.736430 
3  3764.9  64.1  11.736165 
3  3700.8    0.0  11.735080 


3.0  11.659891 

4.0  11.659349 

2.5  11.659328 

5.5  11.658758 

-1.5  11.657111 

3.0  11.733987 
4.0  11.733240 
2.5  11.733275 
5.5  11.732651 
-1.5  11.730975 

3.0  11.718951 
4.0  11.718569 
2.5  11.718485 
5.5  11.717917 
-1.5  11.716460 

-3.0  11.715500 

-0.5  11.714962 

0.5  11.714381 

-0.8  11.714069 

-1.0  11.712873 

-3.0  11.737386 
-0.5  11.736913 
0.5  11.736433 
-0.8  11.736161 
-1.0  11.735074 


0.53  DL  90  508  80.0   8  3922.0  222.2  11.731645  - 


0.53  DL  90  508  77.5 
0.53  DL  90  508  76.5 
0.53  DL  90  508  77.8 
0.53  DL  90  508  78.0 


8  3893.8 

8  3865.0 

8  3768.9 

8  3699.8 


194.0 

165.2 

69.1 

0.0 


11.731000 
11.730583 
11.730344 
11.729088 


0.45  DL  28  564  78.0   4  3946.2  226.9  11.732960  - 


0.45  DL  28  564  71.0 

0.45  DL  28  564  72.0 

0.45  DL  28  564  70.5 

0.45  DL  28  564  74 .5 

0.45  DL  28  564  78.0 
0.45  DL  28  564  71.0 


4  3899.0  179.7  11.731721 

4  3878.0  158.7  11.731658 

4  3828.4  109.1  11.731778 

4  3719.3    0.0  11.728978 


6  3991.0 
6  3943.3 


226.4 
178.7 


11.703264 
11.702165 


3.0  11.731627 

0.5  11.730997 

0.5  11.730586 

0.8  11.730340 

1.0  11.729082 

1.0  11.732954 
6.0  11.731756 
5.0  11.731688 
6.5  11.731816 
2.5  11.728993 

•1.0  11.703258 
6.0  11.702200 
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22  0.45  DL  28  564  72. 0 
22  0.45  DL  28  564  70.5 
22   0.45  DL  28  564  74.5 


6  3921.5  156.9  11.701986 
6  3872.5  107.9  11.702108 
6  3764.6    0.0  11.699490 


22 
22 
22 
22 
22 

22 
22 
22 
22 
22 

22 
22 
22 
22 
22 

22 
22 
22 
22 
22 

23 

23 
23 
23 
23 

23 
23 
23 
23 
23 

23 

23 
23 
23 
23 

23 
23 
23 
23 
23 

23 
23 


0.45  DL  28  564  78.0 

0.45  DL  28  564  71.0 

0.45  DL  28  564  72.0 

0.45  DL  28  564  70.5 

0.45  DL  28  564  74.5 

0.45  DL  90  564  80.0 
0.45  DL  90  564  77.5 
0.45  DL  90  564  76.5 
0.45  DL  90  564  77.8 
0.45  DL  90  564  78.0 


0 
0, 
0. 
0. 

0. 


45 
45 
45 
45 
45 


DL 
DL 
DL 
DL 
DL 


90 
90 
90 
90 

90 


564 
564 
564 
564 
564 


80, 
77, 
76, 
77. 
78. 


0.45  DL  90  564  80.0 
0.45  DL  90  564  77.5 
0.45  DL  90  564  76.5 
0.45  DL  90  564  77.8 
0.45  DL  90  564  78.0 

0.33  DL  28  752  75. 0 

0.33  DL  28  752  67.0 

0.33  DL  28  752  71.0 

0.33  DL  28  752  72.0 

0.33  DL  28  752  89.0 

0.33  DL  28  752  75.0 
0.33  DL  28  752  67.0 
0.33  DL  28  752  71.0 
0.33  DL  28  752  72.0 
0.33  DL  28  752  89.0 

0.33  DL  28  752  75.0 

0.33  DL  28  752  67.0 

0.33  DL  28  752  71.0 

0.33  DL  28  752  72.0 

0.33  DL  28  752  89.0 

0.33  DL  90  752  82.0 
0.33  DL  90  752  73.8 
0.33  DL  90  752  80.0 
0.33  DL  90  752  78.5 
0.33  DL  90  752  78.0 

0.33  DL  90  752  82.0 
0.33  DL  90  752  73.8 


5.0  11.702016 
6.5  11.702146 
2.5  11.699505 


7 
7 
7 
7 
7 

2 
2 
2 
2 

2 

3 
3 

3 
3 
3 

5 
5 

5 
5 
5 

1 
1 
1 

1 
1 


3914.8  223.3  11.724630  -1.0  11.724624 
3867.3  175.8  11.723565   6.0  11.723600 
11.723335   5.0  11.723365 
6.5  11.723443 
2.5  11.720734 


3848.6  157.1 

3789.3   97.8  11.723405 

3691.5    0.0  11.720719 


3942.3  207 
3918.2  183 
3892.9  158 

3804.7  69 

3734.8  0 


4054 
4030 
4007 
3924, 


3851.2 


4020 

3998, 

3975, 

3892, 

3817. 

3974. 
3953. 
3942. 
3933. 
3815. 


5 
6 
3 

1 
6 

4 
1 

4 
7 

5 


202 

179, 

155, 

72, 

0, 

202. 

181. 

157. 

74. 

0. 

158. 
137. 
126. 

118. 
0, 


5 
4 
1 
9 
0 

9 

.  2 
.  9 
.8 
,0 

,9 
0 
7 
5 

0 

9 

6 
9 
2 

0 


11.734014  -3.0  11.733996 

11.733419  -0.5  11.733416 

11.731725   0.5  11.731728 

11.732659  -0.8  11.732655 

11.731501  -1.0  11.731495 


11, 
11, 
11, 
11. 
11. 

11. 
11. 
11. 
11. 
11. 

11. 

11. 
11. 
11 
11 


690328 
.689819 
.  689096 
,689145 
.687825 

730130 
728930 
728374 
728548 
727185 

719911 
719093 
718530 
718400 
718095 


-3 
-0 

0 
-0, 

-1, 

-3. 

-0. 

0. 

-0. 

-1. 


0 
5 

5 
8 
0 

0 
5 

5 
8 
0 


2.0 

10.0 
6.0 
5.0 
-12 


11, 

11, 
11, 
11, 
11, 

11. 
11. 
11. 

11. 
11. 

11. 
11. 
11. 
11. 
11. 


.  690310 
.  689816 
.  689099 
,689141 
.687819 

730112 
728927 
728377 
728544 
727179 

719923 
719152 
718565 
718430 
718024 


5  3942.9  158.8  11.748233   2 
5  3921.3  137.2  11.747003  10 
5  3910.7  126.6  11.746254 
5  3902.4  118.3  11.746108 
5  3784.1    0.0  11.745933 


0  11.748245 

0  11.747062 

6.0  11.746289 

5.0  11.746138 

-12  11.745862 


6 
6 
6 
6 
6 

2 
2 
2 
2 
2 

3 
3 


3925 

3907 

3896, 

3887, 

3767, 

3969. 
3936. 
3918. 
3906. 
3829. 

3965. 
3929. 


.0 
.  3 
.1 
.5 
4 

4 
0 
0 

1 

6 

1 

5 


157 
139, 
128, 
120, 
0. 

139. 
106. 

88. 

76. 
0. 


6 
9 
7 
1 
0 

8 
4 

4 
5 
0 


11, 

11, 
11, 
11. 
11. 

11. 
11. 
11. 
11. 
11. 


771068 
770216 
769678 
769444 
769393 

764124 
763485 
763264 
763184 
763168 


2.0 

10.0 
6.0 
5.0 

-12 

-5.0 
3.3 
-3.0 
-1.5 
-1.0 


11.771080 
11.770275 
11.769713 
11.769474 
11.769322 


11, 
11, 

11, 
11. 
11. 


764094 
763504 
763246 
763175 
763162 


136.8 
101.2 


11.747821  -5.0 
11.747274   3.3 


11.747791 
11.747293 
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23  0.33  DL  90  752  80.0  3  3912.4 
23  0.33  DL  90  752  78.5  3  3902.2 
23   0.33  DL  90  752  78.0   3  3828.3 


84.1  11.747073  -3.0  11.747055 

73.9  11.747025  -1.5  11.747016 

0.0  11.746078  -1.0  11.746072 


23  0.33  DL  90  752  82.0  7  3953.3  136.5  11.746870  -5.0  11.746840 

23  0.33  DL  90  752  73.8  7  3915.6  98.8  11.746516  3.3  11.746535 

23  0.33  DL  90  752  80.0  7  3899.9  83.1  11.746269  -3.0  11.746251 

23  0.33  DL  90  752  78.5  7  3890.1  73.3  11.746195  -1.5  11.746186 

23  0.33  DL  90  752  78.0  7  3816.8  0.0  11.744158  -1.0  11.744152 


24  0.45 

24  0.45 

24  0.45 

24  0.45 

24  0.45 

24  0.45 

24  0.45 

24  0.45 

24  0.45 

24  0.45 


DL  28 
DL  28 
DL  28 
DL  28 
DL  2  8 

DL  28 
DL  2  8 
DL  28 
DL  2  8 
DL  28 


564  70.0 
564  71.0 
564  72.0 
564  72.5 
564  82.0 

564  70.0 
564  71.0 
564  72.0 
564  72.5 
564  82.0 


24  0.45  DL  28  564  70.0 

24  0.45  DL  28  564  71.0 

24  0.45  DL  28  564  72.0 

24  0.45  DL  28  564  72.5 

24  0.45  DL  28  564  82. 0 

24  0.45  DL  90  564  82.0 

24  0.45  DL  90  564  73.8 

24  0.45  DL  90  564  80.0 

24  0.45  DL  90  564  78.5 

24  0.45  DL  90  564  78.0 


4  3850.8  221.0  11.725441 

4  3815.7  185.9  11.725394 

4  3802.2  172.4  11.724690 

4  3784.0  154.2  11.724573 

4  3629.8  0.0  11.723201 

5  3914.2  220.5  11.752840 
5  3887.6  193.9  11.752805 
5  3875.0  181.3  11.752329 
5  3856.1  162.4  11.752139 

5  3693.7    0.0  11.750796 

6  3843.1  218.3  11.729280 
6  3811.3  186.5  11.729224 
6  3797.6  172.8  11.728708 
6  3779.4  154.6  11.728536 
6  3624.8    0.0  11.727156 

1  3912.9  198.5  11.741986 
1  3847.4  133.0  11.740646 
1  3814.2  99.8  11.740915 
1  3797.3  82.9  11.740890 
1  3714.4    0.0  11.739303 


7.0  11.725482 

6.0  11.725429 

5.0  11.724720 

4.5  11.724600 

-5.0  11.723171 

7.0  11.752881 

6.0  11.752840 

5.0  11.752359 

4.5  11.752166 

-5.0  11.750766 

7.0  11.729321 
6.0  11.729259 
5.0  11.728738 
4.5  11.728563 
-5.0  11.727126 

■5.0  11.741956 
3.3  11.740665 
•3.0  11.740897 
•1.5  11.740881 
•1.0  11.739297 


24  0.45  DL  90  564  82.0  7  3888 

24  0.45  DL  90  564  73.8  7  3818 

24  0.45  DL  90  564  80.0  7  3785 

24  0.45  DL  90  564  78.5  7  3768, 

24  0.45  DL  90  564  78.0  7  3683, 

24  0.45  DL  90  564  82.0  8  3893, 

24  0.45  DL  90  564  73.8  8  3822. 

24  0.45  DL  90  564  80.0  8  3789. 

24  0.45  DL  90  564  78.5  8  3771. 

24  0.45  DL  90  564  78.0  8  3686. 


9  205.8  11.721024  -5.0  11.720994 

4  135.3  11.719414  3.3  11.719433 
2  102.1  11.719770  -3.0  11.719752 

0  84.9  11.719729  -1.5  11.719720 

1  0.0  11.717873  -1.0  11.717867 

7  207.3  11.731008  -5.0  11.730978 

8  136.4  11.729528  3.3  11.729547 

5  103.1  11.729995  -3.0  11.729977 

9  85.5  11.729869  -1.5  11.729860 
4    0.0  11.728006  -1.0  11.728000 


APPENDIX  F 
LENGTH  READINGS  OF  WATER-SATURATED  IN-SERVICE  CONCRETE  SPECIMENS 


COEFFICIENT  OF  THERMAL  EXPANSION 
SATURATED  SAMPLES 
FIELD  SPECIMENS 

LEGEND 

COLUMN  A  =  SITE  NUMBER 

COLUMN  B  =  SPECIMEN  IDENTIFICATION  NUMBER 

(SEPARATED  BY  DASHES) 
COLUMN  C  =  SPECIMEN  TEMPERATURE  (DEC  F) 
COLUMN  D  =  LENGTH  OF  FIRST  SPECIMEN  IN  COL.  B  (IN.) 
COLUMN  E  =  LENGTH  OF  SECOND  SPECIMEN  IN  COL.  B  (IN.) 
COLUMN  F  =  LENGTH  OF  THIRD  SPECIMEN  IN  COL.  B  (IN.) 


A 
1 
I 
1 
1 


B 

21-22-23 


C 
84.0 
107.0 
122.0 

139.0 


D 

552694 
554779 
554580 
556058 


E 
554261 
556520 
556279 
557766 


9 
9 
9 
9 


516990 
519005 
518028 
519818 


2  31-52-53     84.0  9.686300  9.471179  9.674980 

2  107.0  9.689018  9.473544  9.677635 

2  122.0  9.689428  9.473715  9.677754 

2  139.0  9.691713  9.475745  9.680076 


3 
3 
3 
3 


52-53 


79.0 
104.0 
120.0 
138.0 


9.334530 
9.336091 
S. 336929 
9.338361 


9.391128 
9.392643 
9.393425 
9.394650 


4 
4 
4 
4 


13-53 


84.0 
107.0 
122.0 
139.0 


9.533498 
9.535243 
9.534900 
9.536055 


9.533993 
9.535314 
9.534808 
9.535708 


4 
4 
4 
4 


11-12-51 


79.0 
104.0 
120.0 
138.0 


9.429314 
9.430603 
9.431199 
9.433654 


9.342338 
9.343743 
9.344254 
9.345804 


9.283049 
9.284413 
9.285020 
9.287013 


5 
5 
5 
5 


31-32-33 


80 
106 

123 
139 


9.554698 
9.556045 
9.556966 
9.557856 


9.611925 
9.613469 
9.614412 
9.615733 


9.626213 
9.628316 
9.628478 
9.629395 


5 
5 
5 
5 


SH5 


79 
104 
120 

138 


9.421560 
9.423107 
9.423983 
9.425607 


6 
6 
6 
6 


43-51-53 


80.0 
106.0 
123.0 

139.0 


9 
9 
9 
9 


502685 
604945 
605391 
606135 


9 
9 
9 
9 


565470 
567116 
567978 
569737 


9.600287 
9.601632 
9.602240 
9.603272 


335 


336 


7 
7 
7 
7 

S 
S 
8 
8 

9 
9 
9 
9 


21-22-23 


9-11 


43 


80.0 
106.0 
123.0 
139.0 


79 
104 
120, 
138, 

79, 
104. 
120. 
138. 


0 
0 
0 
0 

0 
0 
0 
0 


9.494173 
9.495514 
9.496506 
9.498065 

9.434914 
9.437069 
9.438028 
9.440596 

9.407190 
9.408730 
9.409470 
9.410670 


9.554134 
9.555665 
9.556754 
9.558015 

9.396571 
9.398443 
9.399689 
9.402151 


9.525475 
9.527160 
9.528180 
9.528998 


3  VI 


APPENDIX  G 
LENGTH  READINGS  OF  OVEN-DRIED  IN-SERVICE  CONCRETE  SPECIMENS 


COEFFICIENT  OF  THERMAL  EXPANSION 
DRY  SAMPLES 
FIELD  SPECIMENS 

LEGEND 


COLUMN 
COLUMN 
COLUMN 
COLUMN 
COLUMN 
COLUMN 
COLUMN 

A 
B 
C 
D 
E 
F 
C- 

=  SITE  NUMBER 

=  SPECIMEN  NUMBERS 

=  SPECIMEN  TEMPERATURE  (DEC  F) 

=  LENGTH  OF  FIRST  SPECIMEN  IN  COL.  B 

=  LENGTH  OF  SECOND  SPECIMEN  IN  COL. 

=  LENGTH  OF  THIRD  SPECIMEN  IN  COL.  B 

=  LENGTH  OF  FOURTH  SPECIMEN  IN  COL. 

(IN.) 
B  (IN.) 

(IN.) 
B  (IN.) 

A 
1 
1 
1 
1 

21- 

B 
-22 

-23 

C 

80.0 

106.5 

123.5 

145.0 

D 

9.551104 
9.552984 
9.553186 
9.554269 

E 
9.552618 
9.554539 
9.554923 
9.555875 

F 

9.517154 
9.518395 
9.518664 
9.518996 

G 

2 
2 
2 
2 

31- 

-52' 

-53 

74.0 

96.0 

126.5 

142.5 

9.684249 
9.685373 
9.688038 
9.689125 

9.469818 
9.470863 
9.473246 
9.474099 

9.673293 
9. 674444 
9.676885 
9.677931 

3 
3 
3 
3 

52- 

-53 

84.0 
103.0 
122.0 
138.0 

9.332578 
9.332667 
9.334393 
9.335208 

9.389929 
9.390823 
9.391579 
9.392208 

4 
4 
4 
4 

13- 

-53 

79.0 
104.0 
126.0 
141.5 

9.531903 
9.533026 
9.533973 
9.534095 

9.532036 
9.533129 
9.534403 
9.534613 

4 
4 
4 
4 

11- 

-12- 

-51-52 

84.0 
103.0 
122.0 
138.0 

9.428029 
9.429191 
9.429669 
9.429790 

9.340398 
9.341395 
9.341906 
9.342521 

9.281261 

9.282359 
9.282880 
9.283261 

9.261411 
9.262270 
9.262864 
9.263119 

5 
5 
5 
5 

31- 

•32- 

-33 

77.0 
110.5 
120.5 
140.0 

9.553380 
9.554659 
9.555101 
9.556558 

9.610879 
9.612161 
9.612574 
9.614263 

9.626198 
9.627535 
9.627884 
9.629476 

5 
5 
3 
5 

SK5 

84.0 
103.0 
122.0 
138.0 

9.420355 
9.421439 
9.422215 
9.422963 

6 
6 
6 
6 

43- 

51- 

■53 

82.0 
107.0 
123.0 
143.0 

9.602021 
9.602609 
9.603383 
9.604075 

9.564619 
9.565470 
9.566131 
9.566639 

9.599749 
9.600433 
9.601028 
9.601491 

338 


339 


7 
7 
7 
7 

S 
8 
8 
8 

9 
5 
9 
9 

10 

10 
10 
10 

10 
10 
10 
10 

10 
10 
10 
10 

10 
10 
10 
10 

10 

10 
10 
10 

11 
11 
11 
11 

11 
11 
11 
11 

11 
11 
11 

11 


21-22-23 


9-11 


43 


5-4 


13-6-3-8 


10-9-12-14 


11-7-2-1 


15 


1-12-4-10 


5-7-9-3 


8-11 


82.0 
107.0 
123.0 
143.0 


9.493468 
9.494351 
9.495185 
9.495923 


84.0  9.431625 
103.0  9.433164 
122.0  9.433796 
138.0   9.434688 

84.0  9.406314 
103.0  9.407454 
122.0  9.408190 
138.0   9.408898 

82.4  9.65313 

104.0  9.65405 

122.0  9.65478 

132.8  9.65534 

86.0  9.58296 

104.0  9.58316 

122.0  9.58363 

140.0  9.58424 

86.0  9.65378 
104.0  9.65391 
122.0  9.65425 

140.0  9.65476 

87.1  9.56058 

103.1  9.56096 
126.5  9.56230 
139.1  9.56277 

87.1  9.63825 

103.1  9.63843 

126.5  9.63996 

139.1  9.64049 

82.4  9.58942 

104.0  9.59046 

122.0  9.59094 

132.8  9.59131 

82.4  9.54732 

104.0  9.54824 

122.0  9.54886 

132.8  9.54930 

82.4  9.55999 

104.0  9.56102 

122.0  9.56162 

132.8  9.56211 


9.553110 
9.554045 
9.554909 
9.555703 

9.392004 
9.393079 
9.394001 
9.394886 


9.55861 
9.55949 
9.56018 
9.56085 

9.65165 
9.64192 
9.64235 
9.64306 

9.74322 
9.74453 
9.74515 
9.74600 

9.50082 
9.50124 
9.50213 
9.50242 


9.69154 
9.69247 
9.69311 
9. 69364 

9.58427 
9.58526 
9.58538 
9.58590 

9.59973 
9.60078 
9.60171 
9.60216 


9.524770 
9.525769 
9.526655 
9.527501 


9.59927 
9.59947 
9.59998 
9.60076 

9.61933 
9.61973 
9.62066 
9.62134 

9.54600 
S. 54643 
9.54776 
9.54833 


9.50894 
9.50990 
9.51054 
9.51101 

9.59401 
9.59490 
9.60535 
9.59603 


9.63315 
9.63314 
9.63313 
9.63385 

9.65369 
9.65449 
9.65511 
9.65568 

9.58448 
9.58474 
9.58589 
9.58629 


9.64736 
9. 64824 
9.64883 
9. 64922 

9.52540 
9.52643 
9.52704 
9.52728 


340 


11 
11 
11 
11 

11 

11 
11 
11 


14-15-6-13 


86.0  9.60219 
104.0  9.60234 
122.0  9.60299 

140.0  9.60319 

87.1  9.58107 

103.1  9.58125 
126.5  9.58241 
139.1  9.58285 


9.75825 
9.75849 
9.75902 
9.75933 


9.74377 
9.74411 
9.74458 
9.74479 


9.75764 
9.75785 
9.75854 
9.75890 


APPENDIX  H 
LENGTH  READINGS  OF  PARTIALLY-SATURATED  IN-SERVICE  CONCRETE  SPECIMENS 


^\ 


COEFFICIENT  OF  MOISTURE  EXPANSION 
PARTIALLY-DRY  SAMPLES 
FIELD  SPECIMENS 


COLUMN  A 

COLUMN  B 

COLUMN 

COLUMN 

COLUMN 

COLUMN 

COLUMN 


C 
D 
E 
F 
G 


COLUMN  H  = 


LEGEND 
SITE  /  SLAB  /  CORE  NUMBER 
AMBIENT  TEMPERATURE 
WEIGHT  OF  CONCRETE  SPECIMEN 
MEASURED  LENGTH  OF  SPECIMEN 
CHANGE  IN  TEMP.  FROM  REF.  TEMP.  OF  77 OF 
LENGTH  OF  SPECIMEN  CORRECTED  FOR  TEMP. 
CHANGE  IN  WEIGHT  WITH  RESPECT  TO  OVEN- 
DRIED  WEIGHT 
CHANGE  IN  CORRECTED  LENGTH  RESPECT  TO 
OVEN-DRIED  CORRECTED  LENGTH 


A 

1/2/1 


1/2/2 


1/2/3 


2/3/1 


2/5/2 


2/5/3 


B 

84.0 
76.0 
79.0 
83.0 
80.  0 

84.0 
76.0 
79.0 
83.0 
80.0 

84.0 
76.0 
79.0 
83.0 
80.0 

84.0 
76.0 
79.0 
83.0 
74.0 

84.0 
76.0 
79.0 
83.0 
74  .  0 

84  .0 
76.0 
79.0 
83.0 


C 
2803 
2743 
2720 
2702 


2641.7 

2513.7 
2455.7 
2436.0 
2421.3 
2368.4 


2929.3 
2907.3 
2891.4 
2829.6 


3118 

3055 

3035, 

3018, 

2994, 


9 
9 
9 
9 
9 


552694  -7.0 


552665   1 
552428  -2 
551968  -6, 
551104  -3, 


F       G 

9.552656  162.0 
9.552670  101.6 
9.552416  78.4 
9.551935  60.5 
9.551087    0.0 


9.554261  -7.0  9.554224  145.3 

9.554364   1.0  9.554369  87.3 

9.554156  -2.0  9.554145  67.6 

9.553674  -6.0  9.553641  52.9 

9.552618  -3.0  9.552601  0.0 


9 

9 
9 
9, 

9. 
9. 
9. 
9. 

9. 


516551   1 
516208  -2, 
516019  -6, 
517154  -3, 


686300 
686483 
686306 
686235 
684249 


-7 

1 
-2, 
-6, 

3, 


2991.2 
2939.3 
2921.9 
2906.5 
2887.9 

3091.5 
3037.8 
3019.9 
3003.5 


9.471179  -7 
9.471300   1 
9.471064  -2, 
9.470889  -6, 


0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 


9 
9 
9 
9 

9, 
9. 
9. 
9. 
9. 

9. 
9. 

9. 
9  . 


516556  99.7 

516196  77.7 

515986  61.8 

517137  0.0 


686243 
686490 
686290 
686186 
684273 


124, 

61 

41, 

24, 

0, 


471122  103.3 

471308  51.4 

471047  34.0 

470840  18.6 


9.469818   3.0.9.469841    0.0 


9 
9 
9 
9, 


674980 
675509 
675310 
675196 
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-7 
1 
-2 
-6, 


674923 
675516 
675293 
675147 


106 
53, 
35. 
18. 


0 
0 


2992.2   9.516990  -7.0  9.516952  162.6  - 


H 

.00157 
.00158 
0. 00133 
0.00085 
0. 00000 

0.00162 
0.00177 
0.00154 
0.00104 
0.00000 

0.00019 
-0.00058 
-0.00094 
-0.00115 

0. 00000 

0. 00197 
0.00222 
0.00202 
0.00191 
0. 00000 

0.0C128 
0.00147 
0. 00121 
0.00100 
0. 00000 

0.00161 
0.00220 
0.00198 
0.00183 
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74.0   2984.8   9.673293   3.0  9.673316    0.0   0.00000 


3/5/2 


3/5/3 


4/1/3 


4/5/3 


4/1/1 


4/1/2 


4/5/1 


4/5/2 


5/3/1 


79 

80 

84, 

84, 

84, 


84.0 

76.0 
79.0 
83.0 
79.0 


79 

80 

84, 

84, 

84, 


2915 

2844, 

2815, 

2758, 

2760, 


79.0  2853.7 

80.5  2773.7 

84.5  2739.0 

84.0  2681.5 

84.0  2689.4 

84.0  2860.7 

76.0  2804.3 

79.0  2783.7 

83.0  2767.9 

79.0  2693.8 


2983.8 
2S20.9 
2901. 0 
2884 .9 
2811.8 


3210 

3142, 

3117, 

3052, 

3060. 


79.0  2764.1 

80.5  2707.5 

84.5  2683.0 

84.0  2628.1 

84.0  2633.3 

79.0  2920.5 

80.5  2859.4 

84.5  2836.4 

84.0  2774.2 

84.0  2782.1 

79.0  2910.2 

80.5  2856.7 

84.5  2834.8 

84.0  2770.7 

84.0  2779.5 

80.0  3064.1 

79.0  3029.7 

79.5  3004.2 

85.0  2975.8 


9 
9 
9 
9 
9 


334530 
335380 
334863 
335838 
332578 


-2 
-3 
-7 

-7 
-7, 


334518 
335359 
334818 
335796 
332536 


155.1 

83.6 

54  .3 

-1.9 

0.0 


9.533498 
9.532826 
9.532851 
9.532423 
9.531903 

9.533993 
9.532143 
9.531789 
9.531284 
9.532036 


-7.0  9.533463  166.9 

1.0  9.532831  110.5 

-2.0  9. 532841  89.9 

-6.0  9.532393  74.1 

-2.0  9.531892  0.0 

■7.0  9.533958  172.0 

1.0  9.532147  109.1 

■2.0  9.531779  89.2 

■6.0  9.531255  73.1 

•2.0  9.532026  0.0 


9 

9 

9, 

9, 

9, 


429314 
428966 
429581 
428865 
428029 


-2 

-3 

-7 

-7, 

-7, 


429304 
428949 
429545 
428831 
427995 


149 

81, 
56, 
-8. 

0. 


9.342338  -2.0  S. 342327  130.8 

9.341851  -3.5  9.341834  74.2 

9.341374  -7.5  9.341337  49.7 

9.339814  -7.0  9.339780  -5.2 

9.340398  -7.0  9.340363  0.0 

9.283049  -2.0  9.283039  138.4 


9.283224  -3.5 
9.283030  -7.5 
9.282588  -7.0 
9.281261  -7.0 


9.283207 
9.282994 
9.282553 
9.281227 


77.3 

54.3 

-7.9 

0.0 


9.262780  -2.0  9.262770  130.7 


9.262695  -3.5  9 
9.263069  -7.5  9 
9.263990  -7.0  9 
9.261411  -7.0  9 

9.554698  -3.0  9, 

9.554699  -2.0  9, 
9.554721  -2.5  9. 
9.554485  -8.0  9, 


262678 
263032 
263956 

261377 


77.2 

55.3 

-8.8 

0.0 


554680  156.8 
554687  122.4 
554707  96.9 
554440   68.5 


0, 
0, 
0, 
0, 
0. 


00198 
00282 
00228 
00326 
00000 


9.391128  -2.0  9.391115  164.3 

9.391645  -3.5  9.391624  84.3 

9.391009  -7.5  9.390965  49.6 

9.389398  -7.0  9.389356  -7.9 

9.389929  -7.0  9.389888  0.0 


0.00123 
0.00174 
0.00108 
-0.00053 
0. 00000 

0.00157 
0.00094 
0.00095 
0.00050 
0.00000 

0.00193 

0.00012 

-0.00025 

-0.00077 

0. 00000 

0.00131 
0.00095 
0.00155 
0.00084 
0.00000 

0.00196 
0.00147 
0. 00097 
-0.00058 
0. 00000 

0.00181 
0.00198 
0.00177 
0.00133 
0.00000 

0.00139 
0.00130 
0.00166 
0.00258 
0.00000 

0.00130 
0.00131 
0.00133 
0.00106 
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77.0   2907.3   9.553380   0.0   9.55338    0.0   0.00000 


5/3/2 


5/3/3 


5/S5 


6/4/3 


6/5/1 


6/5/3 


7/2/1 


7/2/2 


7/2/3 


80.0 
79.0 
79.5 
85.0 

77.0 


80 
79 
79, 

85, 
77. 

79. 
80. 
84. 
84. 
84. 


0 
C 
5 
0 
0 

0 
5 
5 
0 
0 


3070.2 
3037.8 
3012.8 
2982.1 
2908.9 

3013.3 
2975.8 
2947.9 
2920.6 
2856.9 


2935 

2886, 

2857, 

2806. 

2797. 


80.0 

79.0 
79.5 
85.0 
82.0 


3034.8 
2978.3 
2952.4 
2925.1 


2849.8 


80.0  2988.3 

79.0  2933.7 

79.5  2909.5 

85.0  2888.0 

82.0  2821.4 


80.0 

2907 

.8 

79.0 

2859 

.2 

79.5 

2833 

.2 

85.0 

2811 

.2 

82.0 

2737 

.  1 

80.0 

3008 

.  1 

79.0 

2897 

.2 

79.5 

2848 

.  3 

85.  0 

2810, 

.  5 

82.  0 

2755, 

,7 

80.0 

3054. 

5 

79.0 

2938. 

4 

79.5 

2886. 

9 

85.0 

2848. 

9 

82.0 

2795. 

3 

80.  0 

2748. 

7 

79.0 

2648. 

6 

79.5 

2609. 

0 

85.  0 

2579. 

5 

9.611925  -3.0  9 
9.612054  -2.0  9 
9.612030  -2.5  9 
9.612158  -8.0  9, 
9.610879   0.0  9, 


611908  161.3 
612042  128.9 
612016  103.9 
612113  73.2 
610878    0.0 


0. 00103 
0.00116 
0.00114 
0.00123 
0.00000 


9.626213  -3 
9.626205  -2 
9.626228  -2 
9.626036  -8 
9.626198   0, 


0  9 
0  9 
5  9 
0  9, 
0  9, 


626195  156.4 
626193  118.9 


9 
9 
9 
9 
9, 


421560 
422191 
422285 
425705 
420355 


-2 

-3 
-7, 

-7, 
-7, 


626213 
625992 
626197 

421547 
422169 
422239 
425662 
420312 


-0.00000 

-0. 00000 

91.0   0.00002 

63.7  -0.00021 

0.0   0.00000 


138.6 

89.6 

60.1 

8.8 

0.0 


9.602685  -3.0  9.602671  185 
9.603316  -2.0  9.603307  128 

5  9 

0  9 

0  9 


9.603261  -2 
9.602669  -8 
9.602021  -5 


603250  102 
602632  75 
601998    0 


9.565470  -3.0  9.565456  166.9 
9.566319  -2.0  9.566309  112.3 
9.566156  -2.5  9.566145  88.1 
9.565505  -8.0  9.565468  66.6 
9.564619  -5.0  9.564596    0.0 


9.600288  -3.0  9.600273  170.7 
9.600491  -2.0  9.600482  122.1 
9.600351  -2.5  9.600340 
9.600304  -8.0  9.600267 
9.599749  -5.0  9.599726 


96.1 

74.1 
0.0 


9.494173  -3.0  9.494155  252.4 

9.493805  -2.0  9.493793  141.5 

9.493700  -2.5  9.493686  92.6 

9.493288  -8.0  9.493242  54.8 

9.493468  -5.0  9.493439  0.0 


9.554134  -3.0  9.554117  259.2 

9.554305  -2.0  9.554293  143.1 

9.554184  -2.5  9.554169  91.6 

9.553643  -8.0  9.553597  53.6 

9.553110  -5.0  9.553082  0.0 

9.525475  -3.0  9.525458  215.9 
9.525568  -2.0  9.525556  115.8 
9.525538  -2.5  9.525523  76.2 
9.525051  -8.0  9.525006   46.7 


0 

0, 
0, 
0. 
0. 


00124 
00186 
00193 
00535 
00000 


0.00067 
0.00131 
0.00125 
0.00063 
0. 00000 

0.00086 
0.00171 
0.00155 
0.00087 
0. 00000 

0.00055 
0.00076 
0.00061 
0.00054 
0.00000 

0.00072 
0.00035 
0.00025 
-0.00020 
0.00000 

0.00103 
0.00121 
0.00109 
0.00052 
0.00000 

0.00072 
0.00081 
0.00078 
0.00026 
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82.0   2532.8   9.524770  -5.0  9.524742    0.0   0.00000 


8/  /9 


8//11 


9/4/3 


79 

80 

84 

84, 

84, 


3129 

2933 

2871, 

2814, 

2825, 


79.0  3008.8 

80.5  2820.0 

84.5  2762.0 

84.0  2699.7 

84.0  2747.2 

79.0  2672.6 

80.5  2489.6 

84.5  2439.9 

84.0  2404.6 

84.0  2415.6 


9.434914 
9.435543 
9.434570 
9.431735 
9.431625 


9 
9 
9 
9 
9 

9, 
9. 
9  . 
9. 
9. 


-2.0  9.434898  304.6  0.00333 

-3.5  9.435515  108.9  0.00394 

-7.5  9.434511  46.2  0.00294 

-7.0  9.431680  -10.1  0.00011 

-7.0  9.431570  0.0  0.00000 


396571 
396923 
396343 
393840 
392004 

407188 
406376 
405683 
403995 
406314 


-2.0  9.396555  261.6 

-3.5  9.396895  72.8 

-7.5  9.396284  14.8 

-7.0  9.393785  -47.5 

-7.0  9.391949  0.0 

-2.0  9.407176  257.0 

-3.5  9.406356  74.0 

-7.5  9.405640  24.3 

-7.0  9.403955  -11.0 

-7.0  9.406274  0.0 


0.00461 
0.00495 
0.00433 
0.00184 
0.00000 

0.00090 

0.00008 

•0.00063 

■0.00232 

0.00000 
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